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Synopsis 


Hydrogenated amorphous silicon (a-Si:H) is the most important and widely studied 
material among the disordered semiconductors. It can be made in thin film form 
by the glow discharge of silane (SiH 4 ). Unhke many other amorphous and glassy 
semiconductors, a-Si:H films have very low density of states (~ 10^® cm~^eV~^) at 
the Fermi level (E/) and can be doped by adding phosphine or diborane in silane 
during deposition or by in-diffusion of lithium after deposition. The material is of 
great interest both from physics and technological point of views, because of its 
potential tise in fabricating devices such as photovoltaic cells, photoconductors, thin 
film field effect transistors, etc. 

These films, however, appear to be in a metastable state, as their properties 
change when subjected to external perturbations. For example, exposure to hght 
decreases conductivity (rr) of these films (Light Induced Metastabihty). Also, fast 
quenching from high temperatures (T > Te) increases the a of doped a-Si:H films 
for T <Te (Thermal Induced Metastability). Te is identified as the equilibration 
temperature and varies with dopant and doping concentrations. Above Tg, cr is in- 
dependent of the thermal history of the sample. Below Tg, the metastable states, 
obtained after fast quenching (FQ) and hght soaking (LS), .slowly approach the slow 
cooled (SC) state following a stretched exponential with thermally activated relax- 
ation time. 
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The changes introduced by FQ and LS are usually reversible in nature and can 
be annealed at high temijeratures. Since SC state can not be recovered by ex})osure 
to infra-red Hght, some atomic movement or structtiral changes are beheved to be* 
associated with these metastabiHties. The coohng rate dependence of cr(T’) and slow 
relaxation below Te of a-Si;H resemble the beha\’iour observed in glasses. The a-Si:H. 
therefore, has been proposed to be a Hydrogen Glass, where the movement of hydro- 
gen is responsible for the observed metastabihty. The hght induced metastabihty is 
also beheved to be assisted by the hydrogen motion. 

Although, numerous studies have been done, the origin of these metastabiHties 
still remains unclear. Most of the studies on thermal induced changes are hmited to 
the phosphorus doped a-Si;H (a-Si:H(P)), as the eifect is large on these films. On the 
other hand, Hght induced metastabihty has been widely studied on undoped a-Si:H, 
for the same reason. Very few reports exist in Hterature, where both are studied on 
the same a-Si;H sample. Further, these studies focus mostly on the density of states 
measurements by sub-gap absorption, transient spectroscopy and ESR. There are a 
few reports which suggest a change in structure of these films after Hght soaking. The 
structural changes are, however, very small and are therefore difficult to measure. 

In a-Si:H, hydrogen is distributed non uniformly, in a dilute monohydride phasf' 
and a clustered hydride phase. This may result in a spatial variation of the band 
gap. In addition, the charge centers may also be inhomogeneously distributed. The 
heterogeneities caused by the inhomogeneous distribution of hydrogen and charge 
centers give rise to long range potential fluctuations. These potential fluctuations 
play an important role in transport properties of a-Si:H. 

The aim of the present study is to understand the thermal and light induced 
metastabiHties in a-Si:H and to investigate whether the structural changes involved 
are similar in the two cases. We have chosen Hthium doped films (a-Si.H(Li)), for the 
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present study, as the effect of both fast quenching and Hght soaking is clearly seen 
on these films. In addition, we have also studied undoped a-Si:H and a-Si:H(P) for 
comparison with Hterature. 

Our results on undoped and P-doped a-Si:H are in agreement with the Hterature. 
Our studies show that effect of thermal and Hght induced metastabihties on a-Si;H(P) 
and a-Si;H(Li) are qualitatively similar. We also observe that in a given a-Si:H(Li) 
sample, Te is the same for FQ and LS state. 

The isothermal relaxation of metastable state gives the information about the 
barrier encountered by hydrogen during relaxation. We find that both FQ and LS 
states relax following a stretched exponential. However, the relaxation parameters 
and their temperature dependence are different in the two cases. 

Thermopower (5) is sensitive to any changes in long range potential fluctuations 
arising from random distribution of charge centers or structural inhomogeneities. 
The measurement of a and S can give an estimate of the magnitude of potential 
flm'tuations in the material. Thus, the structural changes upon fast quenching or 
light soaking of a-Si:H should be reflected in S{T) measurements. 

Tln'nuopower measurements S{T) alongwith (7{T) in SC, FQ and LS states have 
been used to obtain the information about the magnitude of long range potential fluc- 
tuations present in our a-Si:H(P) and a-Si:H(Li) films. These measurements show 
that both (t{T) and S{T) change after FQ and LS; however, no change in the magni- 
tude of potential fluctuations is detected after fast quenching these films. An increase 
in the magnitude of potential fluctuations is observed after Hght soaking. 

We conclude that heterogeneities play an important role and that fast (pxenching 
and Hght soaking affect a-Si:H in different ways. In particular, we find that FQ does 
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not chaiigr tlie niagiiitiido of long raugf' j)ot(‘iitial flnrtuatioiis, wh('r(^as, LS iiicn'asos 
them. 

Organization of the Thesis 

The present thesis is divided in to seven chapters. A brief hteratiire survey of 
metastabiHties in a-Si;H and the motivation behind the present study is given in 
the first chapter. The theory of conductivity and thermopower is given in Chapter 
2. The potential fluctuations and their influence on trans})ort properties is also 
discussed in this chapter. In Chapter 3, we have summarized the existing models for 
the thermal and hght induced metastabilities. The experimental details about the a- 
Si:H films preparation and characterization along with the measurement details a}>out 
the conductivity and thermopower in annealed and slow cooled state and metastabh- 
FQ and LS states are included in Chapter 4. In Chapter 5. wc' have presented our 
results on the thermal and hght induced metastabiHties in undoped, P-doped and 
Li-doped a-Si:H. The measurements on conductivity, thermopower and isothermal 
relaxation from FQ and LS states are used to understand and compare thermal and 
Hght induced metastabiHties in a-Si:H. These results have been discussed in Chapter 
6. Finally Chapter 7 summarizes our results and conclusions. Some unanswered 
questions are raised and some further experiments which may help to understand the 
observed metastabiHties better, are suggested in this chapter. 
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Chapter 1 


Introduction 


Hydrogenated amorphous silicon (a-Si:H) is a promising material in amorphous semi- 
conductor technology. The material finds its apphcation in fabricating devices like 
photovoltaic cells [1], photoreceptors, photoconductors, thin film field effect transis- 
tors and many more [2]. Table 1.1 summarizes the commercially available amorphous 
vsihcon pro<lucts. There are many more proposed appHcations of the material [2]. 

The main feature which distinguishes an amorphous material from its crystalline 
counterpart is the long range periodicity of atomic structure of the latter and the 
lack of this long range periodicity of the former [3]. The short range order is, how- 
ever, preserved in amorphous material, which results in a similar overall electronic 
.structure like band gap, as compared to the eqTiivalent crystal. However, the slight 
variation in bond angle and bond length results in the tailing of band edges in the 
forbidden gap (Anderson localization). Also electronic states within the gap arise 
from departure from the ideal network, such as coordination defects (Hke dangUng 
bonds). These defects determine many electronic properties by controlling trapping 
and recombination. 

The presence of localized states due to disorder (band tails) and defects (danghng 
bonds) give rise to the deusity of states in the gap (see Fig. 1.1) [4]. Because of the 
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Table 1.1: a-Si:H Products commercially availabl('( 1 989 ) 


Device 

Photovoltaic cell 

Photoreceptor 

Photoconductor, image censors and 
position sensitive dectors 

Heat control layer 

Thin film field effect 
transistors (FETs) 

High voltage thin-film transistors 


Product 
Calculators. ■watches, 
battery chargers, etc. 

Elect rophtography, LED printers. 

Colour censors, fight censors, 
contact-type image censors, 
electronic white boards, 
spatial fight modulators, 
compiitor paint-brush table, etc. 

Heat reflecting float glass. 

Displays, televisions, 

logic circuits for image censors. 

Printers. 


existence of these localized states, the energy gap loses its meaning in amorphous 
semiconductors. The disorder also affects the mobility of the charge carriers, which 
is drastically reduced in the localized states, and thus instead of energy gap, we talk 
of the mobility gap in amorphous semiconductors. The mobility edges demarcate the; 
localized states and the extended states. 

One of the main features, which restricts the use of amorphous semiconductor.s 
in making de'vices, is the presence of a large density of states in the gap (~ IG'*" 
cm“^ eV~^ near Fermi level), that pin the Fermi level {Ef). Also lack of topologi<-al 
constraints makes the material insensitive to the impurities. The impurity atoms 
satisfy their natural bonding requirement as prescribed by Mott’s 8-N rule and doping 
seems to be impossible in these materials. 

The discovery in 1970s, that unlike other semiconductors, a-Si:H films prepare'd 
by glow discharge process, possess a lower density of localized stat(>.s (DOS) [5] (w 
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Figure 1.1: Schematic Density of States distribution in the gap (a) CFO Model (b) 
real amorphous semiconductors [9]. 
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10'"’ rin“'' eV"’ near Ej) and the condnrtivity of the a-Si:H ran be rontrollf'd cnei 
a very large range by substitutional doj)ing from the gas phas( [C,(]. 'was a inajoi 
breakthrough in the semiconductor technology. These propertu's of a-Si:H attract<>d 
the world wide attention of both physicists and technologists. It is lu'lieved that the 
presence of large concentrations of hydrogen (~ 8-10 at %) in a-Si:H passivatc's some 
of these danghng bonds and reduces the DOS near Fermi level. The Fermi lev(‘l is 
now no longer pinned and a-Si:H can be doped. 

The doping in a-Si:H remained a puzzle for a long time, as the lack of topological 
constraint allows impurity atoms to go in their natural coordination and thus prevent 
them from acting as dopants, until in 1982, Street [8] gav(' a modifi<'d 8-N rule. 
According to this, ionized phosphorus and boron atoms have a coordination uuml>er 
4 and act as dopants. The doping efficiency is, however, very low and only a very 
small part of the total impurity atoms act as dopant. Doping increases the density of 
charged danghng bonds. The donor and acceptor levels are in the band tail regions. 
A more reahstic density of state distribution is shown in Fig. 1.1 [9]. In this figure, 
the Fermi level drawn corresponds to the case of a perfectly compensated sample. In 
general, the Fermi level is situated in the upper half (lower half) of the mobihty gap 
for n-type (p-type) samples. 


1.1 Metastability 

Amorphous semiconductors axe prepared by rapid quenching from the vapour or hq- 
uid phase and axe therefore expected to be in a state of metastable equihbrium. Th<‘ 
electronic properties of a-Si:H e.g. , conductivity (cr) depend sensitively upon the 
external perturbations viz. exposure to strongly absorbing hght [10], high energy 
electrons [11,12], ions [13] and rate of coohng from high temperatures [14]. Tlu* 
changes axe usually reversible in nature and the metastable state introduced by any 
of these external perturbations can be annealed out at high temperatures. Among 
these metastabihties, the most important and the widely studied is the hghf induced 
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Figure 1.2: Decrease in photoconductivity ( ) and dark conductivity '(- - -) of 

a-Si:H upon light soaking [15]. 

meta.stability. The effect was first reported by Staebler and Wronski [10], who ob- 
served a decrease in dark and photoconductivity (cr and cTph. ) of a-Si:H films upon 
exposure to light (see Fig. 1.2) [15]. The decrease in a is accompanied by an increase 
in activation energy (E^ ) and increase in the ESR signal and subgap absorption. This 
limits the use of the material as a stable photovoltaic device. Although the effect 
was discovered about two decades ago, its origin is not yet very clear and a lot of 
research is going on around the globe even today. 

Another metastabihty, which has also attracted wide attention is the thermal 
induced metastabihty. It is observed that electronic properties of a-Si:H near room 
temperature depend upon the rate of cooUng from high temperatures (T > 450 A') 
(see Fig. 1.3) [16]. The observation of thermal induced metastabihty was first made by 
Ast and Brodsky [17], but it remained unexplored till Street et al. [14] reported on it 
in 1986. It is found that the effect is seen only for T < Tg and for T > Te, electronic 
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Figure 1.3; Effect of cooling rate on conductivity of P-doped H-Si:H [1C]. 

properties are independent of thermal history of the material. The temp<*rature Tf i.s 
identified as the equifibration temperature and depends upon the dopant and doping 
concentrations. For boron doped a-Si:H, Te « 90"C, and increases to « 130"C for 
P-doped and > 200°C' for undoped a-Si:H. It is generally believed that Te depends 
upon hydrogen concentration in a-Si:H [18], however, there axe some reports, which 
show that it is independent of the amount of hydrogen [19]. The effect is also observed 
in other a-Si;H alloys such as a-Si:Ge:H [20,21], a-Si:C:H [22] and in a-Ge:H [23]. 

Many models have so far been proposed to explain the thermal and light induced 
metastabihties and are summarized in Chapter 3. These models are based on two 
microscopic mechanisms i. e. , the breaJdng of weak Si-Si bonds [ 24 - 27 ] and the 
trapping of charge carriers [28] in the gap states. AU the models suggest an increase 
in the density of states in the gap, thus limiting the use of a-Si:H in fabricating .stable 
devices. 

It has been proposed that the movement of hydrogen in rigid silicon network 
is responsible for observed metastabihties. Hydrogen atom hops from one bonding 
configuration to the other separating the defects created, which results in an incrf'ase 
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in the defect density. Furthermore, the coohng rate dependence of the properties of 
a-Si:H resemble those of glasses [29]. It has been proposed that a-Si:H is a Hydrogen 
Glass [30]. The dispersive nature of hydrogen diffusion and a thermally activated 
diffusion constant explain stretched exponential type of relaxation and a thermally 
activated relaxation time [30] and thus supports Hydrogen Glass model to be valid 
in a-Si:H (see Section 3.4). However, differential scanning calorimetry curves do not 
show a clear glass transition for a-Si:H [31]. Matsuo et al. [32] observe a peak (not 
a step) in DSC curve in their P-doped a-Si;H samples after fast quenching. 

a-Si:H films grown by the glow discharge of Silane are not homogeneous. Proton 
resonance experiments by Reimer et al. [33] showed that in a-Si:H, w 4 at. % 
hydrogen is present in a dilute monohydride phase and the rest is in a clustered 
hydride phase with 5-7 H atoms per cluster, which resembles a di- or trivacancy whose 
internal surface is dressed with hydrogen. The microstructure also depends upon the 
deposition conditions and dopants [34]. Phosphorus causes larger hydrogen clusters 
to form, whereas, boron seems to reduce clustering in these films [34]. The variation 
in hydrogen content in a-Si:H results in a spatial variation of the band gap [35] from 
2eV in clustered pha.se to 1.3eV in the dilute phase. In addition to the non-uniform 
distribution of hydrogen (density and compositional variation), the charge centers 
(dopants) may also be distributed non-uniformly. These inhomogeneities modify the 
mobihty edges and cause long range potential fluctuations in the material. These 
fluctuations may be both antisymmetric (density fluctuation) and symmetric (charge 
centers) in nature. The symmetric part of these fluctuations are shown in the Fig. 
(1.4) [36]. 

1.2 Motivation Of The Present Work 

In hterature, both thermal and Ught induced metastabihties have been ascnbed to 
the movement of hydrogen in a-Si:H. If hydrogen is responsible for the two metastable 
effects, the changes introduced are expected to be the same in both fast quenched 
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Figure 1.4: Fluctuations of mobility edges in amorphous semiconductors [36]. 

and light soaked state. We have already pointed out that hydrogen is distributed non 
uniformly in a-Si:H [33]. It is not clear, whether the metastable changes take place 
in the dilute or clustered phase. Since the local diffusion of hydrogen is different 
in dilute and clustered phases [37], it is expected that the effect of metastabilities 
shotdd be different in the two phases. Street et al. [38] have suggested that all 
hydrogen atoms participate equally in the diffusion process, which means that the 
dissociation energies of hydrogen from a clustered or from an isolated Si-H site are 
the same. However, Kondo and Morigaki [39] have shown that clustered hydrogen is 
responsible for the light induced metastability. 

A number of studies have been conducted to understand and explain th<‘ ob.s<‘rvefI 
metastabilities ( see for example the papers in the proc. of International Confer<*n<'e 
on Amorphous Senoiconductors 1993, 1991, 1989 and Proc. of (annufd) Material 
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Research Society Meeting 1990 to 1994). Most of the studies on thermally induced 
changes are hmited to the P-doped a-Si:H (a-Si:H(P)) as the effect is large on these 
films. On the other hand, fight induced metastabifity has been studied widely on 
undoped a-Si:H for the same reason. Very few reports exist in literature, where both 
are studied on the same a-Si:H films. The reports by Smith et al. [40] and McMahon 
and Tsu [41] for undoped and by Kakafios and Street [42] on doped a-Si:H suggest 
that the defect centers created by fight and those formed during thermal eqmfibration 
process are identical. On the other hand, ESR studies by Stutzmann [43], C — V 
and ICTS measurements by Okushi et al. [44,45], and photocapacitance studies by 
Leen et al. [46] show that these are independent of each other for P-doped a-Si:H. 
Konnenkamp and Wild [47] have shown that for P-doped a-Si:H, fight soaked state 
relaxes slowly as compared to the fast quenched state. Thus there is disagreement in 
the literature. 

So far we have seen that the origin of thermal and fight induced metastabifities 
is not clear. Since both the effects are clearly visible in lithium doped a-Si;H [48], 
we have chosen lithium doped a-Si:H (a-Si:H(Li)) for the study of thermal and fight 
induced changes. Lithium is an efficient interstitial donor in a-Si:H [49]. Even small 
changes in Li bonding configurations due to the lithium motion might be expected to 
restdt in a large change in concentration of active dopants. The thermal equilibration 
effects in a-Si:H(Li) might be enhanced or modified compared to those observed in 

a-Si:H{P). 

In our studies, Li is diffused thermally in a-Si:H after film preparation. Therefore, 
a varying doping concentration of lithium will not result m a change in total hydrogen 
concentration; however, the bonding configuration may change. The thermal and 
fight induced effects related to the bonding configurations can thus clearly be seen 

on these films. 

Further, since H is distributed non-uniformly, the effect of fast quenching and 
fight soaking should be different in the two phases, which may result in a structural 
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change in these film s. It is possible that the structural changes introducf'd b> light 
are different from those introduced thermally. Takada and Fritzsclu' [50.51] ha\<' 
reported a Ught induced increase in disorder and thus tin* slope of th<' < ondin tion 
band tail, whereas, in FQ state a decrease in sloi)e or at least a fewer state's in the 
tail are expected. 

Thermopower (5) is sensitive to any change in long range potential fluctuations 
arising from random distribution of charge centers or structural inhomogeiu*iti«*s [52]. 
The slope Eq of function Q{T) is a measure of the long range potential fluctuations 
and is sensitive, to structural changes [52]. Thus, the structural changes uj>on fast 
quenching or Hght soaking, which may be too small to be observed directly but large* 
enough to affect the electronic properties of a-Si:H, can be seen as a change in Eq. 
These measurements, thus, can help us to separate the effect of tlu'sc inetastal>iliti<*s 
on electrical properties because of change in potential fluctuations from those due to 
a shift in 15/ as a result of the change in the density of states alone. 

Recently Zhao tt al. [53] have reported an increa.se in concentration of Si-H 
bonds after light soaking. On the basis of some other experimental observations, 
Fritzsche [54] has suggested photoinduced structural changes, which are in axlditiou 
to the creation of dangHng bonds. However, no reports on any change in structure 
after fast quenching are yet available. Thermopower measurements in metastable 
states, which can give information on long range potential fluctuations, may throw 
some light on these structural changes. 


1.3 Organization of the Thesis 

The next chapter presents the general formulation of conductivity and thcrmcn'h'ctric 
power in amorphous semiconductors. This chapter discusses the observation of kinks 
in the <j{T) and S{T) curves, the linear and non-Hnear shift of the Fermi h'vel and 
potential fluctuations model to explain the difference between Eg and Es [Es is 
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the slope of S vs. 1/T). Some experimental evidence which support the potential 
fluctuation model are also discussed. 

In Chapter 3, we have discussed the thermal and Hght induced metastabflities in 
a-Si:H and the models to explain them. The weak bond breaking model and charge 
trapping model are discussed. The role of hydrogen in the observed metastabihties 
and the Hydrogen Glass model for a-Si:H is also presented. 

Chapter 4 describes the preparation of undoped and doped a-Si:H films by glow 
discharge method and doping by hthium. The characterization of these films for 
amorphous nature, thickness, transnoission and absorption, band gap, dark and pho- 
toconductivity is also discussed. A description of the conductivity and thermopower 
set up, the introduction of thermal and hght induced metastabihties in a-Si;H in 
vacuum and the measurement of conductivity and thermopower in slow cooled, fast 
quenched and hght soaked state is given. 

In Chapter 5, the effect of thermal and hght induced metastabihties on con- 
ductivity and thermopower of undoped, phosphorus and hthium doped a-Si:H are 
presented. The results of isothermal relaxation of the slow cooled state after hght 

4 

soaking and fast quenching are also given. It is seen that hght soaking reduces the 
conductivity of undoped and hthium doped a-Si:H, whereas, fast qirenching increases 
the conductivity of both phosphorus and hthium doped a-Si:H. A decrease in photo- 
conductivity of undoped a-Si:H is also observed as a result of fast quenching, whereas, 
the daurk conductivity of these films does not show any measurable change. Both hght 
and thermal induced metastable states in a-Si:H(Li), slowly relax to the slow cooled 
state at temperature below equihbration temperature and relaxation time is ther- 
mally activated. Further, the hght and thermal induced states relax at different 
rates although a common transition temperature Te is observed for the two states. 
The activation energy for relaxation for the two states is also observed to be different 
and is liigher for hght soaked state. The low hthium doped films have a higher Te 
and a larger relaxation time and thus have a similarity with the reported results 
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for a-Si:H{P). Our results show that both phosphorus and hthiuin art as donors in 
a-Si:H. It is further observed that both the magnitude and sloi)e of th<Tinop<nv«‘r 
change upon hght soaking as well as fast quenching. 

In Chapter 6, the results of conductivity, isothermal relaxation and thermopow<‘i 
have been discussed in the Hght of the existing models. It is seen that both P and 
Li doping show similar quenching and Hght soaking effects. Thus, models for th<* 
observed metastable effects in a-Si:H(P) have been used to explain the results of a- 
Si:H(Li). Further, it is observed that Hght soaking and fast quenching are independent 
of each other. Thermopower results show that Hght soaking causes an increase in 
potential fluctuations whereas no effect of fast quenching is found on them for both 
phosphorus and Hthium doped a-Si:H. 

Chapter 7 summarizes the results and conchisions of thc' pn'sent study. Di- 
rections for further work, which may help in understanding the Hght ami thermal 
induced metastabiHties is also suggested in this chapter. Finally, the refereuc(*s from 
the Hterature are Hsted at the end of the thesis. 



Chapter 2 


Theory 


The lack of long range periodicity gives rise to the localized states in amorphous 
semiconductors. This leads to the tailing of the bands. In addition, localized defect 
states, e.g. , dangling bonds are also present in the middle of the gap. The mobility 
edges jB,- and for electrons and holes separate the localized states from those that 
are extended. The transport processes can be divided in several categories [3,55]. 

1. Conduction in extended states. 

2. Conduction in hand tail states via phonon assisted hopping. 

3. Conduction near Fermi level. 

However, in a-Si:H, in the temperature range of interest to us (200A' < T < 
500 A'), electrons in conduction band are the majority carriers and process (1) is 
dominant. 


2.1 Kubo-Greenwood Formula 

The general expres.sion for conductivity (cr), assuming conduction by either eh'ctrons 
or holes, can be written as [3,56] 
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a = J a{E)dE=^ g (E) /i (E) f {E) [1 - / (E)] dE 


(2.1) 


where g{E) is the density of states, pi{E) is the mobility and f(E) is the Fermi 
distribution function. For electrons in the conduction band 

( E,-Ej\ Mr ( E,\ 

" = “P ( — W~) = {-hr) 

where ^k' is the Boltzmann constant. Ec and Ef are the conduction band mobility 
edge and Fermi level respectively. E„ is the activation energy for con- 

ductivity. The prefactor (Tq depends upon the mobility (/z) of charge carriers and the 
density of states at mobility edge (Nc). 


2.2 Thermopower 


The conductivity (cr ) measurements alone can not give information about the type of 
charge carriers and the conduction mechanism in semiconductors. In crystalline semi- 
conductors, the HaE Effect is an important probe to determine the type of charge car- 
riers, wheteas, in amorphous sermconductors, because of the observed sign anomaly, 
the Hall effect is not a rehable tool [57,58]. Here the conductivity (cr) and ther- 
mopower (S) measurements together can provide the information about the type of 
majority charge carriers and the dominant conduction mechanism. 


Fritzsche [56] in 1971 gave a general expression for the thermopower for the 
case when no inelastic scattering process occurs. In this case, it is assumed that the 
contributions to the current from states at different energies are independent of each 
other. Thermopower (5) is related to the Peltier coefficient ‘H* as [59] 



(2.3) 


where H is the energy carried by the electrons per unit charge. The energy carried is 
measured relative to the position of the Fermi energy E/. Each electron contributes 
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to n in proportion to its relative contribution to the total conductivity. Thus Peltier 
energy (H) and thermopower (S) can be written as [56] 


J {E-Ef)<r(E)dE 
e J a (E) dE 


(2.4) 

(2.5) 


where e is the electronic charge. The sign of S is such that 5' < 0 for electrons at 
energies E > Ef. In the case of extended band conduction, Eq. (2.5) gives 


5 



'iEr.-Ef) 

kT 


+ A 



'El 

.kT 



(2.6) 


Es is the characteristic energy associated with the thermopower. The heat of trans- 
port term is related to the average energy of charge carriers and is determined 
by the carrier scattering process. If g{E) and /i(E) in Eq. (2.1) are constant, i.e. , 
independent of energy, then A = 1. For temperature dependent scattering processes, 
A will depend upon temperature [56]. 


Eqs. (2.2) and (2.6) are valid if electrons are the majority charge carriers. Similar 
(’xpressions can be written for the case when holes are the majority carriers and 
coiubiction takes place in valence band. The sign of 5 for this case will be positive. 


2.3 Kink in <j{T) and 5(T) 

From Eqs. (2.5) and (2.6), it appears that logo- vs. 1/T and S v.s. 1/T will yield 
straight hnes with eqiial slopes - E^ - Ef. However, it is often observed 
[60-65] that the log cr vs. 1/T and 5 vs. 1/T for the a-Si:H films exhibit a kink. The 
slopes of the two curves above and below the kink temperature are different. 

Various reasons are given in the literature for the kink. Among these, the main 
reasons are: 


1. a change in corKbiction path [3] at the kink temperature 
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2. shift of band edges with temperature [66] and 

3. statistical shift of the Fermi level [7,60,64]. 


The possibihty of any change in the conduction path is ruled out in a-Si;H as no 
drastic change in the drift mobihty of the charge carriers around the* kink ttuiipera- 
ture is observed, when measured using Surface Acoustic Wave techniqm* [51]. Th<‘ 
temperature dependence of band edges is also very small [67]; and it cannot account 
for the observed changes in slopes of the log a vs. l/T and S vs. 1 /T curves. However, 
the statistical shift of the Fermi level can account for the kink. Since the density of 
states (DOS) below and above the Fermi level is not symmetric in a-Si:H [68], it is 
expected that at high temperatures, the Fermi level will move towards mid gap aiul 
might be reflected as a kink in the log a vs. 1/T curve. 

It can be easily shown that a Hnear shift of Ef with temperature will n<»t give a 
kink. For a hnear dependence on T, Ej can be written as 


Ef{T) = Ef{0)-^T 


(2.7) 


£^/(0) is the value of Ef extrapolated to OA and j is the temperatur** coefficient. 

Substituting Eq. (2.7) in Eq. (2.2) and Eq. (2.6), we get the expression for a 
and S as 




( 2 . 8 ) 


S' 



^ E,-Ef(0) 

kT 


+ Ua 

k 


(2.9) 


Thus we see that the observed slopes of In c vs. 1 /T and S vs. 1 /Tj( E^ -- Ef(o)) 
wiU differ from the actual slopes (= A, - Ef{t)) by a magnitude 7. It is also expected 
that the intercepts at l/T = 0 obtained from Eq (2.8) and Eq(2.9) will not be the 
true values of and A. However, no kink should be observed in <r(J’) or S{T). 
Thus, even if there is a statistical shift of the Fermi level, the observation of the kink 
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cannot be explained if the shift is hnear with temperature. Therefore, we examine if 
the observed kink can be due to a non Hnear statistical shift of the fermi level with 
temperature. Beyer and Overhof [52] approximated the non Hnear shift of Ef with 
Tby 




( 2 . 10 ) 


where i = 1,2,3 with three different values of 7 ,- and Ef^i{o) in three different temper- 
ature regimes. Inserting Eq. (2.10) in Eq. ( 2 . 8 ) we get, 


<7 — ao exp 



Ec — Ef^i(O) \ 

kT J 


( 2 . 11 ) 


giving 


<^n,i 


<To exp 



( 2 . 12 ) 


and 


E., = E, - EfAO) (2-13) 

Tims we see that a non Hnear sliift of E; with temperature can account for the 
(>bserv(?<l kink in the Hkt vs. 1 /T and S vs. 1 /T plots. 


2.4 Difference between Ea- and Es • The Q 
function 


From tim above disctission 2.3, it is expected that any shift of E/ with temperature 
must give the same slope in both the measurements. As already mentioned, it is 
often obs('rv<‘d that the .slopes E^ of ln<r vs. 1/T and Es of S vs. 1/T m the same 
tiuuperatuiv range are not hlentical. A difference l)etwe(>u E^ and Es impHes that 
the charm-teristic ('iiergy associated with the thermopower is not exactly the same as 
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the activation energy of conductivity [29]. This may result when conduction takes 
place in the localized band tail states via hopping [56] or the thermally activattnl 
mobility [56] (p. = iXoex^{-EJkT)). The conductivity in both the cas(>s is given as 

o = <'«exp(-^)exp(-:?^) (2.14) 

On the other hand, in the general expression for 5 (Eq 2.5), any energy indepen- 
dent term appearing in the expression for u will cancel out. Thus, the tluTinopower 
{S) is still given by Eq(2.9). Comparing Eq(2.14) and Eq(2.9), we see that E„ wuU 
be more than E5, such that 

E,-Es = E, ( 2 . 15 ) 

There can be several other reasons for a difference between Ep and £>• [69] sxich 
as 


1. both electrons and holes are conducting, in which case, these contribute 
to the thermopower with opposite sign, but have the same sign in con- 
ductivity. This effect may be important in undoped a-Si:H, where Fermi 
level is near the middle of gap, but does not contribute in doped material, 
when one sign of carriers completely dominate. 

2. conduction is assisted by polarons, however, it does not get much support 
in a-Si:H [69]. 

3. mobility edge is not very sharp [70] 

4. conductivity is not spatially homogeneous. This may be due to th<' het- 
erogeneities in the material, such as, the growth inhomogeneiti<‘s, den.sit}' 
potential or random distribution of charge centers [36], which may give 
rise to the potential fluctuations in the material. 

In order to ehminate the effect of statistical shift of E/ or band gap shrinkage on 
transport properties, Beyer et al. [71] defined a function which is a hitear 
combination of In a and S. 
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(5 = 1ii(T + ^ (2.16) 

A 

Substituting for <t and S from Eq (2.2) and Eq (2.6), we get, for £„■ = Es 

Q = ln(To + A (2.17) 

If Ea- and Es are different 

Q = In cfU A- (2-18) 

or 

0 = Oo - ^ (2-19) 

where Eq — E^ — Es- 

We see that Q is independent of the position of the Fermi level. Thus Q is 
expected to remain unafE^ected due to the statistical shift of the Fermi level or shift in 
Ef due to any other agency, e.g. , doping. Any structure present in <7(T) and 5(T) 
shotrld, therefore, be washed out in Q{T) if movement of Ef with T is responsible for 
it. For many cases [52], it is indeed observed that the kink does not appear in Q{T). 

The temperature dependence of Q can come only from <7o*^ or A^'or both (Eqs 2.2 
and 2.6). Physically, this could mean a temperature dependent mobihty /u(T) which 
might indicate the presence of the potential fluctuations. 

In order to explain the observed difference between E^ and Es, Dohler [70] 
proposed a model based on the assumptions of a soft mobility edge. In this model, 
a-(E) is expected to vary by orders of magnitude with temperature. It is also assumed 
in this model that the density of state picture remains the same irrespective of doping. 
This model is capable of explaining the difference between and Es and thus a 
nonzero value slope of Eq, but the shape c)f ^(T) is very sensitive to (t(E) and thus 
to the doping, which is not experimentally observed. This extreme sensitivity of 
Q{T) on <t(E) makes this transport model rather unsuitable [52]. This leaves tis with 
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the only possibility, that the observed difFerenr.e between Er, and jE’.v is due to the 
presence of potential fluctuations in the material. 


2.5 Potential Fluctuations Model 

In order to explain the observed difference between E, and Eg. Overhof and Beyer 
[72] proposed a model based on the presence of the long range potential fluctuations 
in the material which modify the mobility edges. These potential fluctuations can 
arise from the local density fluctuations, growth inhomogeneity and electric field dtie 
to charged centers [36]. The local variation in density and composition will produce* 
amongst the other things, spaticd variation or the so called ‘elastic fltictuations' in the 
band gap [3]. In addition, the spatial variation of charge density dm* to the presenct* 
of the charged voids and the impurity atoms (dopants) may result into the potential 
fluctuations of electrostatic nature (see Fig. 2.1) [3]. 

In this model [72], it is assumed that the transport is due to the electrons in the 
conduction band above the mobility edge. The energy of this mobility edge, however, 
is taken to fluctuate in space owing to the presence of long range disorder. Model 
calculations for c and S are done both for two- and three-dimensional cases. In these 
calculations, the sample is sub-divided into small cells. In each cell, the mobility edge 
is at constant energy and is determined by the mean disorder potential within the 
cell. The calculations are done for two different Hmiting cases [72] : 

1. disorder in neighbouring cell is purely uncorrelated, 

2. disorder is due to the long range part of the Coulomb potential of charged 
centers distributed at random in the material, thus disorder in neighbour- 
ing cells is not uncorrelated. 


It is found [72] that in the first case, for the experimentally observed value of 
Eq — {^Eff — Es) ~ 0.2el^, the fluctuations of Ec of at least leV^ is re(|uirtfd for 







(b) 


Figure 2.1: Possible forms of spatial flucttiations in the band edges of amorphous 
semiconductors: (a) Elastic; (b) Electrostatic [3]. 
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aU three dimensional models. This valno is imreasoiiable, as th(' width of the poten- 
tial fluctuations must be small compared to that of the pseudo-gap [72]. Howf'ver, 
in the second case, where the fluctuations in arise due to the random distribu- 
tion of charge centers, the calculations show that the resulting distribution bmrtion 
p(Ec), for Ec is asymmetric. The width of the p(E) increases with the density of 
charge centers. The calculated Eq is approximately equal to the half width of p{Ef ), 
thus giving reasonable values of the required fluctuations necessary for the observed 
difference between E^ and Es [72] . 

The potential fluctuations due to a random distribution of point charge's ran 
be calculated as follows [72]. If Nc is the charge density, then within a vohun<' of 
dimension L, the average charge will be N^L^. A statistical deviation (A A',) from 
the average 

A-^c = (2.20) 


win give rise to the potential fluctuation of magnitude 
AN,e 


AV'= 


dween L 


Putting ANc from Eq. (2.20), Eq. (2.21) becomes 


AV = 




47reen 


( 2 . 21 ) 


( 2 . 22 ) 


The calculated values of Eq, when plotted against yield a straight line except 

for small values and fit to the equation [72] 


Eq = 0.83eV(LN,y/^ ^ 2 . 23 ) 

At low JVc values, the deviation from the average becomes smaller and causes a smaller 
value of Eq than that expected from Eq. (2.23). 
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It appears from Eq. (2.22) that potential fluctuations will increase indefinitely 
with the size of the volume considered, which is, of course, unphysical. The fluctua- 
tions are Hmited by the screening from the mobile carriers and the size of the cell is 
determined by the screening length [69,72] 

^ /87reeo\^^^ , ^ 


where n is the density of the mobile carriers. Combining Eq (2.23) and (2.24), we 
get 


AV = 


f 2Ny 

\(47reeo)^ny 


(2.25) 


The potential fluctuations, therefore, increase with increasing the density of the fixed 
charges, but decrease with the increasing density of the free (mobile) charges. Overhof 
and Beyer [73] showed that the function Q(T) can be fitted to a straight fine for 
A > 3fcT, as 


Q(T} = In <To(r) + .4(T) 1.8 - 1.25A/fcT (2.26) 

where Q{T), In coiT) and A(T) are obtained from the model calculations. Comparing 
Eq. (2.26) and Eq. (2.19), we see that 

Eq = 1.25A (2.27) 

In the high temperature Hmit, where A < 3kT, Eq is found to be zero and E„ 
approaches Es- In a similar way for A > 3kT, one can approximate [73] 


and 
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C:S 

k 


(Ec-Ej) 

kT 


+ ^ + 2 - 


1.5 

kT 


(2.29) 


From Eqs. (2.28) and (2.29), we see that the effect of ijoteiitial fl\ict«ation.s ar<' more 
on S than on a. 

It is further shown that the potential fiuctnatiou.s arising du(' to the cliarge 
centers can account for the experimentally observed difference bc'tween and £■> 
for the phosphorus doped, boron doped and compensated a-Si:H films [52]. The 
magnitude of potential fluctuations A is expected to be in the range of 0.05 < A <' 
0.20eF . It has also been observed that the general shape of Q{T) remains unafft‘rt<*d 
by the doping and only Eq changes. 

The above calculations were performed for the case when rharg<’d centers are 
present in a-Si:H films. However, a-Si:H films can grow in an iuhomogeneoTis way 
[74] with hydrogen distributed randomly. These growth inhomogeneitie.s are th<’ 
main reason for the potential fluctuations in undoped and lightly doped a-Si:H. For 
highly doped samples, however, the charged donors (acceptors) will caus<' additiomil 
fluctuations to occur [73]. 


2.6 Evidence for Potential Fluctuations in a-Si:H 

Goldie tt al. [75] used potential fluctuations to explain the decrease in drift mobihty 
of the charge carriers in compensated a-Si;H as compared to the undoped a-Si:H. 
Howard and Street [76] also measured the electron and hole drift mobihties and 
the optical absorption in compensated a-Si:H and found that the drift mobihfie.s 
of both type of carriers decrease with increasing doping concentrations. The drift 
mobihty and optical absorption data are not consistent with disordfu iiulure<i band 
tail broadening as suggested by Marshall et al. [77], but agree with the pre<liction 

of a model of long range potential fluctuations arising from the charged dou«r.s and 
acceptors states. 
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The difference between the light induced annealing behaviour of deposition in- 
duced and photocreated defects can also be explained, if the band gap fluctuations are 
taken into consideration [78]. The photogenerated electron-hole pairs are expected to 
move in the narrow band gap region where the probability of their recombination is 
more and hence the creation of new defects. This may give rise to an inhomogeneous 
distribution of photocreated defects, unlike a more probable uniform distribution of 
deposition induced defects and therefore, the annealing kinetics of these two defects 
may be different [78]. 

An investigation of inhomogeneities in a-Si:H films by scanning with laser probes 
has also been reported [79]. Andrinova et al. [79] measured the transverse and planer 
conductivities and photoresponse of these films. These authors [79] have attributed 
the peculiarities in the conductivity and optical absorption to the fluctuations of 
hydrogen content in these films. 



Chapter 3 


Metastabilities in a-Si:H 


Electrical and optical properties of a-Si:H film s (both doped and undoped) axe altered 
by the apphcation of external perturbations such as 

1. exposure to strong illumination (Staebler-Wronski effect or hght induced 
meta^tabihty) [10,15,26,80,81], 

2. fast quenching from a high temperature (thermal induced metastabiHty) 
[14,16,82] 

3. irradiation with ions [13], electrons [11], x-rays [83] and 

4. charge injection [84,85] etc. 

These changes can be reversible or irreversible. For reversible changes, the origi- 
nal state can usually be brought back by annealing. Out of the various reversible 
metastable effects, Hght and thermal induced metastabihties have attracted wider 
attention and we discuss these in the following. 

3.1 Light Induced Metastability 

In 1977, Staebler and Wronski [10] reported that the dark conductivity (a) and 
photoconductivity (o-p/,) of a-Si:H films decrease upon exposing these films to strongly 
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absorbing light (Fig. 1.2). The decrease in a is arr()mi)aiiied by an inrrea-se in it.s 
activation energy {Ea}- The effect is reversible and the original state ran be brought 
back by annealing at high temperatures (« 150-20()'’C, 1-2 hours). It is observt-d that 
the changes in a and aph depend upon the intensity of illumination and exposnr<‘ time 
[26]. This effect is commonly known as the Staebler Wronski Effect. The d<Tr<*a.se in 
cr is fast in the beginning and slows down as time of exposure is increased anti a steady 
state is obtained after prolonged illumination [86]. Metastable changt’s, introthiced 
by hght, give rise to an increase in the density of states (^^(E)} as indicated by the 
sub-gap absorption measured by photothermal deflection spetiroscopy (PDS) [87] 
and constant photocurrent measurements (CPM) [88], space charge limited rjirrents 
(SCLC) [89,90]. In undoped a-Si:H, it has been observed [91] that the light .soaking 
causes an increase in the density of neutral daughng bonds ( Si]]) charactf-rizt'd by an 
increase of electron spin resonance (ESR) signal corresj)onding to g =: 2.0055. Th«‘ 
results on PDS [87] and time of flight are also consistent with an increase in the 
density of dangling bonds. Pankove et al. [24] find an increase in 0.95eV defect 
luminescence (PL) band upon hght soaking (LS) which can be associated with the 
increase in Si^ bond density as observed by ESR. 

The sign and magnitude of change in conductivity upon LS depend upon the 
dopant and doping concentration. An increase in a and crpf^ is also observed in 
some cases [92]. Sometimes, surface is found to play an important role [93]. This 
is particularly true in case of the a-Si:H doped with boron [94]. Most of the hght 
soaking studies are on undoped and P-doped a-Si:H and we discuss only these hert*. 
In case of these films, the SWE is normal, i.e. , cr and Cph decrease upon hght soakiirg. 
Metastable changes upon exposure to hght axe more pronounced in the hghtly doped 
a-Si:H films as compared to heavily doped films which show smaller effect.s. The 
sub-gap absorption for P-doped a-Si:H films also shows an increase in tlwi absorptioii 
coefficient (a), which imphes an increase in the density of deep def«‘ct states in the 
gap [87]. If no other changes take place, an increase in sub-gap absorption would 
result a downward movement of Ef, which means the density of band tail state (uit) 
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Figure 3.1; The schematic density of states picture in annealed (A) and hght soaked 
(B) states [99]. 

should decrease. ESR measurements show a decrease [43] in corresponding to g = 
2.0044 and an increase in the density of four fold coordinated neutral donors ( P®, in 
phosphorus doped a-Si:H). An increase in Pj and a small decrease in Ef suggest that 
both donor density and dangling bond density (Ndb) increase upon hght soaking. 
Capacitance studies by Leen et al. [46] on P-doped a-Si:H also show a decrease 
in nj,t and increase in Ndb- Furthermore, transport and capacitance studies on P- 
doped a-Si:H have indicated that in addition to the danghng bond creation via bond 
breaking, new metastable electronic levels closer to the mobihty edge are also created 
during illumination [24,44,95,96]. 

A number of spectroscopic studies have been carried out to find the location of 
the new states in the gap. Based on the studies of SCLC, transient and steady state 
photoconductivity, it has been shown that the new states are created in the upper half 
of the gap [97]. However, diffusion length and sub-gap absorption measurements show 
that the new defects are created in the lower half of the gap as well [98]. A schematic 
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representation of the gap state distribution in annealed and light soaked state as 
proposed by Guha [99] is shown in Fig. 3.1. Han and FVitzsrhe [100] have observed 
that the anneal rates of the and sub-gap absorption are different, indicating that 
at least two types of defects are created upon hght soaking. It has been propo.sed by 
Morigaki and Yonezawa [101] that the hght creates two types of danghng bonds, one 
is the normal Si^ and the other is a H-related danghng bond. Similar propositions 
are made by Hikita et al. [102] upon deconvolution of ESR spectra. Shepard et 
al. [103] suggest that the hght creates a distribution of gap states, which anneal at 
different rates. 

It has been observed that steady state photoconductivity cTj,/, is not a single 
valued function of danghng bond defect concentration [104] and that the decrea.se in 
(TpA of a-Si:H is much more by the hght exposure than by the same number of native 
defects as produced by the hght exposure [105]. It has been sugge.sted [54] that in 
addition to creation of danghng bond defects, hght causes a change in structure of 
a-Si:H films. The experimental observations such as an increase in Si-H stretching 
mode at wave number 2000 cm“^ [53], a reversible shift of about O.leV of the Si 2p 
X-ray photoelectron spectroscopy to lower binding energy [106], changes in 1/f noise 
spectrum of a-Si:H [107] and in proton NMR dipolar spin lattice relaxation time [108] 
also can not be explained by a simple increase in danghng bond defects but require 
some additional changes in structure of a-Si:H upon hght soaking. 

3.1.1 Microscopic Mechanism for Creation of Light 
Induced Defects 

Several explanations have been proposed for the creation of hght induced defects in 
a-Si:H [15,24,26,28]. These models are based upon two microscopic mechanisms: 

1. Weak-bond breaking [26] 

2. Charge trapping [28]. 
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Both models explain most of the experimental data. In particulax, they all predict 
an increase in the Si^ upon Hght soaking, along with a decrease in cr and cTp^, in 
agreement with the experiments. We shall be discussing these two models in the 
following sections. 

3. 1.1. a Weak-bond Breaking Model 

The model based on the breaking of weak bonds proposes that the energy released 
by recombination of photogenerated carriers during hght soaking results in the for- 
mation of new defects, which act as additional traps and recombination centers. The 
observation that these defects can not be removed by exposure to infrared Hght and 
require annealing at high temperatures, suggests that some atomic motion is involved 
in the process. This model is able to explain the lowering of diffusion length, decrease 
in apK and PL at 1.2 eV, increase in g{E), sub-gap absorption and ESR signal. 

However, there are some difficulties with this model [28]. For example, the 
energy available to create the defects (« 1.6eV) is extremely small compared to that 
needed to break a Si-Si bond and create a pair of defects. Also, these defects are to 
be separated by « lOA in order to prevent the recombination. 

These can be taken care of, if we take into account the possibihty of involvement 
of hydrogen in creation of the Hght induced defects. It has been pointed out that 
a-Si;H films contain « 10at% of hydrogen, which is much more than that required 
to passivate the siHcon dangHng bonds (« 10^^ cm“^). Thus, a lot of hydrogen is 
expected to be loosely bound and may be free to move. Furthermore, molecular 
dynamics calculations [109] show that Si-Si bonds in the neighbourhood of Si-H-Si 
bond is a weak bond and only « 0.04eV^ is needed to break this bond. This supports 
the weak bond breaking model. 

Muller et al. [110] proposed the charge induced breaking of weak bonds. It is 
shown [111] that through the diffusive re-arrangement of Si-H bonds, the a-Si:H lattice 
is able to estabHsh thermal equiHbrium between the densities of band tail trapped 
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charge carriers and dangling bond defects. When this equilibriinn is distnrb(‘d by 
changes in temperature, carrier injection or illumination, dangling bond d<’fc(is have 
to be generated or annealed out via H- diffusion processes. We now discti.s.s. how this 
model explains the results in undoped and P-doped a-Si:H. 

Undoped a-Si:H 

Stutzmann et al. [26] gave a quantitative analysis for the creation of the light iudin'ed 
defects in undoped a-Si:H assuming that Sij are the dominant defects created. Tlu'se 
authors proposed that the energy released by non radiative recombination of photo- 
generated electron hole pairs causes weak Si-Si bonds to break. This produc<>s pair.s 
of dangling bonds (Si^) 

Si-Si — > 2 Si° 

Atomic hydrogen from a neighbouring site moves to make a bond with (Uie of the.sr 
danghng bonds and thus separate them. If N 4 is the concentration of d<‘ft'cts (dangling 
bonds) at time t and G is the illumination intensity then quantitatii'e analysis shows 

/O/^ \ 

(3.1) 

Stutzmann et al. [26] measured Nd by ESR after light soaking for different 
intensities and duration and found that Nd obeys Eq. (3.1). 

P-Doped a-Si;H 

The model is proposed by Stutzmann [43] in order to explain the increase in density of 
neutral four fold coordinated donors (P4) along with a decrease in , cr and increas** 
in Ea- after hght soaking the P-doped a-Si:H, as observed by hyperfine ESB signal [43j 
and conductivity measurements. The microscopic model suggests that tin* photon 
causes a weak Si-Si bond in the neighbourhood of Si-H bond to break and cn>ate two 
dangling bonds (Sig). The hydrogen atom from the neighbouring bond move.s and 
makes a bond with one of the two Sij. Valence alteration then takes place between a 
three fold coordinated phosphorus atom P3 and a neutral dangling bond Si]] created 
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Figtiro 3.2: Microscopic mechanism for light induced creation of donors and defects 

by the movement of hydrogen. Finally, the four-fold coordinated phosphorus atom 
(P”) donates an electron to become an ionized donor P4 and the electron is taken by 
the other Si!j created by the photon to become negatively charged SiJ (see Fig. 3.2). 
The whole process is supported by the movement of hydrogen. Since both SiJ and 
Pj increase, a small shift of Ej is expected towards mid-gap, resulting in a decrease 
in cr and . Furthermore, an increase in P| causes a simultaneous increase in P4 
ais observed in ESR. 

3.1. l.b Charge trapping Model 

Adler [ 28 j proposed an alternative model to explain the Hght induced changes basexl 
on the trapping of charges. During illumination with band gap hght, electrons and 




34 


holes are created and arc trapped on the SiJ and SijdchTts rcsp.-rlivdy. This forms 
nentral defect centers, biit without rehybridization or relocation of the neighborin/; 
atoms. Since electronic levels of the trapped carriers are m'ar band e<lR(‘s. th(‘se 
defects are readily thermally ionized back to Si^ and Si;! except at low tdnperatures. 
However, SiJ and SiJ centers, which arc close to the mid-gap. do not rc'lease thes.- 
trapped charges quickly and convert into the Si^. Now there is a small probability of 
rehybridization to make a stable dangling bond. Since the SiJ and Siy ha\<* different 
bond angles than that for Sij, a lattice relaxation is necessary to stabilize the neutrid 
danghng bonds. It is proposed [112] that 15° bond angle chang<- i.s uece.ssary to move 
the defects electronic level from a near band edge towards mi<i gaj> where it fxmctioiis 
as a more efficient recombination center and appears as a stable Si]]. Thus in thi.s 
model, no new defects are created by light. The trapping of photogeuerated carrier.s 
induces excess neutral danghng bonds. These metastable centers are responsible for 
the increase in TV,, the decrease in and a shift in Ef etc*. 

3.1.1.C Comparison of Weak bond breaking and Charge trapping 
models 

From the above discussion, we see that both the models explain the most of the 
experimental data. For example, these explain the creation of neutral dangling bonds 
(Sig) in undoped a-Si;H, decrease in a and CTph, an increase in subgap absorption and 
a shift in jE/ towards mid-gap. In spite of the partial success of these models, th<!.s<‘ 
are unable to explain some of the experimental results. A critical evaluation [113] of 
these is given below. 

The weak bond breaking model assumes that the defects created by the breaking 
of Si-Si bonds during hght soaking are separated by the movement of hydrogen. Th<* 
hydrogen stabihzes the state with more defects. Therefore, H is directly r«^.spon.sibh‘ 
for the observed hght induced metastabihty. Shimizu et al. [114] reported that the 
density of photocreated danghng bonds increase with the increase* in the flexibility 
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factor F defined as F = {4 q;+ 4;9+37— ^/(l — where a,/?, 7 and 8 designate the 
composition of the film (Sio,C;3N^)i_fHy and a+/?+7 = 1. The parameter F represents 
the flexibility of the amorphous structure. Since the density of photocreated dangling 
bonds is a function of this parameter F alone, it has been argued that H atoms do 
not play a direct role in producing the fight soaking effects, but influence it only 
indirectly by making the structure flexible. This is consistent with the pulsed ESR 
experiment of Isoya et al. [115], which show that the photocreated ESR center is 
more than 4.2 A away from the closest hydrogen atom. Also the decrease in is not 
uniquely determined by the increase in N, upon LS as explained in the weak-bond 
breaking model [113]. 

The charge trapping model for the photocreated spins appears to be inconsistent 
with the following results: 

1. The difference between ESR bulk density (Sig) and CPM defect density 
(SiS] ■+• SiJ ) gives the density of SiJ. The charge trapping model predicts 
that SiJ should decrease as the exposure time increases. However, it is 
found to remain constant ~ 7 x 10^®cm“^, irrespective of exposure time 
[116], 

2. Addition of nitrogen in a-Si:H increases the density of SiJ in the annealed 
.state, but, in the fight soaked state the density of Sij is independent of 
the amount of nitrogen. This is in contrast to the charge trapping model, 
which predicts a higher density of Sig in fight soaked state, as the density 
of Sis are more in these films [117]. 

Thus, we see that, although, both the models explain most of the experimental 
observations, none of them is able to explain all the results and it is difficult to 
decide which model is better. 
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3.2 Thermal Induced Metastability 

Metastable changes in conductivity {a ) of a-Si:H ar<’ also observed, when these films 
are cooled rapidly from high temperatures, as shown in Fig. 1.3. The effect was first 
reported by Ast and Brodsky [17] in 1978 and attracted wider attention after Street 
et al. [14] reported in 1986 that a of P-doped a-Si:H films near room t<*mperature 
increases and decreases upon fast cooling from high temperatures and remains 
unchanged for months. The log cr vs. l/T curves, obtained during heating these films 
in the fast quenched state meet the corresponding curve obtained after .slow cooling, 
at temperature Tg- For T > T^, cr is independent of the cooling rate {see Fig. 1.3). 
The temperature Te is identified as the equihbration temperature for these films and 
varies with dopant [16,82] and the doping concentration [30]. For B-doped a-Si:H 
films Te is the lowest (~ 80-90"C) and increases to Rs 130-150"C' for P-doped ami 
fs 200°C for imdoped a-Si:H. In case of singly doped films, Te i.s lowtT«’d as th<' doping 
concentration is increased [30] . 

Metaatable changes after fast quenching of doped a-Si:H films result in an in- 
crease in the density of the band tail carriers {na) as measured by chaxge sweep-out 
technique [118] and ESR (g = 2.0055) and an increase [16,43] in the density of P4 as 
measured by hyperfine ESR. The sub gap absorption measurements like PDS [82] do 
not show ciny significant change in the density of states (g{E)) of doped a-Si:H upon 
fast quenching. Also, no change is expected in the density of dangling bond,s from 
the C — V measurements and bias annealing experiments [44,46]. The isothermal 
capacitance transient spectroscopy (ICTS) measurements also do not show no any 
change in density of state distribution in the mobihty gap [45]. 

Effect of fast quenching is small in case of undoped a-Si:H. An increa.se in sul)-gap 
absorption (a) of a-Si:H [40], measured by CPM and PDS and a decrease [41] in ffpk 
has been reported upon fast quenching these films from the deposition temperatutt* 
(Ri dOO®^). These results suggest an increase in density of Si^ of these films in the 
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faist quenched state. SCLC measurements also show a small increase in g{E) [119]. 
A small decrease in a has also been reported [120,121]. AH these reports show that 
the changes introduced are reversible in nature and the original state can be brought 
back by annealing these films at high temperatures (T > 200° (7). 

The changes observed in <7, and of doped and undoped a-Si:H films 
depend upon the rate of cooHng [16] and also the cooHng conditions, such as, cooling 
under reverse bias [122,123] and in presence of fight [124]. 

3.2.1 Mechanism for the Creation of Thermal Induced 
Metastable State 

Metastable changes in electronic properties have been observed for both undoped and 
doped a-Si:H films. However, the changes observed in u in two cases are in opposite 
directions. In the following, we discuss the possible mechanism for thermal induced 
metastability in a-Si:H(P) and undoped a-Si:H. 

3.2. l.a P-Doped a-Si:H 

Street e.t al. [16] proposed that the a-Si:H films are in thermal equilibrium at high 
temperature. The Fig. 3.3. shows the density of state picture in the upper half 
of the mobility gap for a n-type a-Si:H film [68]. The negatively charged dangling 
bonds (SiJ ) lie in the middle of the gap and the ionized four-fold co-ordinated donor 
states (Pif) lie close to the mobility edge in the conduction band tail region. The 
band tad and the dangling bonds are separated by a immmum In the doping 

model of Street [8], the Fermi energy (Ef) lies in the minimum, while S13 and P^ 
states equilibrate reflecting the charge neutrality between Sij and At fimte 

temperatures, the Fermi function is sufficiently extended into the conduction band 
tail region and in addition to the SiJ and P|, the shallow occupied band tail states 
(n,, ) and holes (Si^) in the SiJ states are also present. Since density of states rises 
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Figure 3.3; Density of States picture in the upper half of the gap for a-Si;H(P). 

much more rapidly above £^ 1,1 than below it, ^ Si'^. The charge neutrality 
condition can thus be written as 

”bt ~ ^donoT — Ndb = Pi — Siy (3.2) 

where Ndonor and Ndb are the densities of charged donors and dan^ng bonds. From 
Eq. (3.2), it is clear that any change in defect structure is reflected in the measure- 
ments of . The is related to cr as [125] 

O' “ Ti c fji (3 3 ) 

o = nuem 
~nii = crt fid 

where fx and fn are the free carrier mobihty and drift mobUity respectively and r* is 
the density of the free carriers in the extended band. 
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When no structural change takes place both Pj and Si^ are independent of 
the temperature and so Ubt is also constant. The variation of njt with the thermal 
history implies that either have increased or SiJ have decreased or both of them 
have changed, i. e. , either or both of P| and SiJ are the equihbrating species. Eq. 
(3.2) and Eq. (3.3) relate the structural changes to the electronic properties. Thus 
structural equilibrium is reflected in the transport measurements. 

Sub gap absorption measurements like PDS [82] show that in doped a-Si:H, the 
defect density does not change significantly, after fast quenching. Further, (7 — V 
measurements [82,44] show that the junction capacitance increases after quenching. 
Bias annealing experiments also show an increase in ribt and Pit- From all these 
measurements it is inferred that the fast quenching results in an increase in donor 
concentration. 

3.2. l.b Undoped a-Si:H 

Smith and Wagner [126] proposed that at high temperature, the thermally generated 
electron hole pairs recombine and the energy released in the recombination process 
breaks some of the weak Si-Si bonds, resulting in the creation of neutral danghng 
bonds (Si^). The reaction is similar to that proposed by Stutzmann et al. to explain 
the light induced creation of danghng bonds by the recombination of photogenerated 
electron-hole pairs. At high temperature, these Sig are in thermal eqmHbrium because 
the simultaneotis annealing of these danghng bonds also takes place. When the a- 
Si:H are fast quenched, the structure is frozen and a higher defect density is 

observed near room temperature. At room temperature, since anneahng is very slow, 
the frozen-in state .seems to be stable. 
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3.3 Annealing of metastable states 

The nietastable states obtained after light soaking and fast quenching slowly relaxes 
to the original slow cooled state [15,127,30,128]. The time of relaxation (r) is very 
large (of the order of months) near room temperatur<‘ and derreases to only a few 
minutes at high temperatures. Jackson and Kakalios [127] fitted the relaxation of 
excess defect density ANj, as measured by ESR, after light soaking the uudoped 
a-Si:H films, to a stretched exponential of the form 

AiVi(t) = AA^d(0)exp I (3,4) 

where ANd{t) is the deviation in defect density from the annealed value at any time 
t and ANd{0) is the value of ANd{t) at f = 0 and r and .i are fit parameters, t is 
found to be thermally activated [82] 

r = T„exp{^} (3,51 

where Er is the activation energy for relaxation. Similar behaviour is ob.served by 
Street ei al. [129] for the decay of excess defect density after fast quenching the 
undoped (40 fxm thick) a-Si:H films. 

Similar stretched exponential has been fitted to the relaxation of excess 
and o obtained after fast quenching the doped a-Si:H films [30,128]. The stretched 
exponential has been ascribed to the motion of hydrogen present in a-Si:H films [130|. 
It has been found that the dispersive diffusion of H in these films can explain the 
observed relaxation kinetics of metastable states. (This has been discussed hiHhn 
in Section 3.4 on Hydrogen Glass Model). 

On the other hand, Crandall [131] (see Section 3.5.2) argues that it i.s not neces- 
sary to invoke hydrogen motion to explain the annealing of metastable defects. Using 
a defect controlled relaxation model for the creation and recovery of metastabh* states, 
he shows [131] that the stretched exponential is a natural consequence*, if there is a 
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distribution of activation energies. Such a distribution is possible in a-Si:H, as it is 
disordered and heterogeneous. 

3.4 Thermal Equilibrium and Hydrogen Glass 
Model 

We have mentioned in the earher sections (Sect 3.2) that a-Si:H films are in thermal 
equihbrium above Te- For T > Te, the electronic properties, hke cr and njt depend 
upon the rate of cooling from high temperatures (T > Te) [16]. Furthermore, at a 
fixed temperatxire, a and nji in fast quenched state slowly relax to the slow cooled 
state following a stretched exponential given by Eq. (3.4). These properties of a-Si:H 
films resemble the structural properties of conventional glasses [29]. These glasses are 
prepared by the rapid cooling of the melt and are in thermal equihbrium for T >Tg 
(glass transition temperature). Below Tg, the thermodynamic properties, Hke volume 
etc, depend upon the rate of cooling from T >Tg and are in metastable equilibrium. 

Street e.t ai [16] and KakaHos et al. [30,132] have proposed the so called 
Hyxlrogen Glass model for a-Si:H. This is based on the movement of hydrogen in 
these films. According to tliis model [30], the a-Si:H films consists of two networks, 
namely, a rigid ntxtwork of four fold coordinated sihcon and a relatively flexible network 
of hydrogen. Since hydrogen is present in a large concentration, some of it is loosely 
bound and for T > Te is free to diffuse in the rigid sihcon network and estabhshes 
an e<inihbriuni fairly qxxickly. For T < Te, the diffusion is slow in comparison of the 
time scale of measurements and a metastable state is observed. In this model, Te for 
a-Si:H is amdogous to the Tg observed for the conventional glasses. 
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3.4.1 Evidence in support of Hydrogen- Glass Model 

It is suggested that the hydrogen is responsible for the ol)served theriiiaJ e<pnlibriuia 
behaviour of a-Si:H films. In the Mowing, we discuss, a fi'W properties of a-Si:H, 
which resembles those of glasses and provide supports to the Hydrogen CJlass model. 

3.4. l.a Dispersive Diffusion of Hydrogen 

Carlson and Magee [133] measured the diffusion coefficient of hydrog<‘n in nn<h»ped 
a-Si:H films using secondary ion mass spectrometry (SIMS) with deuteriwin trar<'r 
and found that the hydrogen diffusion constant [Dh) is th<*riually activated with 
an activation energy of 1.5eV. The technique was later used by Str^'t ft (ti |38j, 
to measure the Dh in doped a-Si:H. It is observed that Dh is greatly <*nhHnce<l by 
doping and increases upon increasing the doping concentration. Dh is fouml to be 
higher for B- doped a-Si:H as compared to the P-doped a-Si:H filin.s and is thermally 
activated over the temperature range examined. 

Dh = Do expl-Eo/kT} {d.C'O 

It is observed that the diffusion activation energy Eh remaims essentially uncluaiged 
upon doping and only the prefactor Dq changes with doping. 

It has also been observed [30] that Dh is time dependent and varies as 
Dnit) oc (3.7) 

where u is the attempt to diffuse frequency. 

From Eq. (3.7), it is dear that the Dh is not uniquely defined and should be 
referred to a particular annealing time. Commonly, it is measured by varying the 
annealing time at each temperature, so that, the deuterium concentration profile will 
extend to a fixed distance L in to the a-Si:H layer. 



Kakalios et al. [132] havo. shown that the time dependence of Dh arises from 
an exponential distribution of trapping sites. These authors [132], further suggest 
that the hydrogen atom is excited from a Si-H bond to an interstitial band, leaving 
a dangling bond behind. It is now free to move in to the sihcon network until it is 
trapped either at a weak Si-Si bond or at a danghng bond. In both the cases, it forms 
a Si-H bond. The hydrogen atom trapped in to a weak Si-Si bond might get re-excited 
to the interstitial band and move freely. The process of excitation and trapping can 
go until the hydrogen is trapped into a deep bond. At longer times, the probabihty 
that a hydrogen wiU fall in to a Si-Si state, with high binding energy increases and 
thus, Dfj is expected to decrease. In analogy with the dispersive transport model 
suggested by Scher and MontroU [134], if the weak bonds are exponentially distributed 
in energy as ex^{-E/kTn), where k% is the width of the trap distribution then Dh 
wiU decrease as a power law in time. The dispersive model [134] also predicts the 
dispersion parameter o to be given by o — 1 — T/TIi, where T ’s the temperature at 
wliich the diffusion is taking place. Measurement of diffusion coefficient of hydrogen 
in a-Si:H fits to o = 1 — (TfTa) with To ~ 600A. 


3.4. l.b Slow Relaxation Below Te 


A characteristic of gla.sse.s [29] exhibited by a-Si:H is the slow non exponential relax- 
ation b<‘low T/.;. The slow decay of cr and n*/ in a-Si:H at a fixed temperature T < Te 
follows a stretched exponential time dependence 

A(t) = A(0) exp|- I 

where A{t) is the deviation of cr or om from the slow cooled state at time f ami A((l ) 
is the initial deviation at t = 0. This form of equation can be related to the hydrogen 
diffusion. For smaU departure from equihbrium. the relaxation will be given by the 

linear equation 


df 


(3 9) 
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where k{t) is the rate constant. Slilesinger and Montroll [135] show^'d that if k( f) has 
a time dependence of the form k{f) ot then the Eq. (3.8) is the solution of Eq. 
(3.9) with ^ = 1 — a. Substituting k{t) = A/"" in Eq. (3.9) 


dA{t) 

dt 


-ar“ A(t) 


{3.1(1} 


Integrating above equation and putting the botindary condition that at i 
A (0) we get 


A(f) ) _ 

^(0)j ” (i-“) 


0. A(n 


or A{t) = A{0) exv{-{t/Tf] 

which is same as Eq. (3.8) with parameters r and H as 
T = (1 — ot.)jA^^^ and ^ = 1 — Q' 

We see from Eq. 3.7 that the hydrogen diffusion coefficit'nf has a similar jmwer law 
time dependence as required by Shlesinger and MontroU [135] to explain the stretrh«*d 
exponential. We will now see, how r and Du art' relat<*d. 

3.4.1. c Viscosity at the Glass Transition Temperature 

For conventional glasses, the glass transition temperature (TJ is defim^l as the ttun- 
perature at which the viscosity of the super cooled liqTud attains a value « 10»3 
poise [29]. Viscosity (rf) is related to the self diffusion coejfficient (i3) through the 
Stokes- Einstein relation 

T,_kT 

^ 6jtH (3.11) 

where R is the effective radius of the self diffusing species. For the equilibration 
temperature T « 100«(7 and R « 3l, Eq. 3.11 gives rj D = 10^ dyne. This is 
the value reported in Hterature for many glasses for which both r/ and D can be 
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measured. Using Eq. (3.11), we can now express the glass transition temperature as 
the temperature for which Dh ~ 10“^’’ It has been observed [30] that upon 
extrapolating the data of diffusion coefficient of hydrogen (log Dh vs. l/T curve) 
to Dh ~ 10^*^ cm* the corresponding value of the temperature is equal to the 
observed equilibration temperature (Te) for n and p type a-Si:H films. The changes 
in Dh upon varying doping concentration results in the different values of Te- This 
observation, further, supports the hydrogen glass model. 


3.5 Unifying models for Creation and 

Annihilation of Thermal and Light Induced 
Metastable Defects 

We have ,s('en in the previous sections that the metastable defects can be introduced 
in a-Si;H by light soaking as well as fast quencHng and can be removed by anneahng 
at elevated temperatures. It has also been reported [136] that the relaxation is fast 
when annealing is <lone in presence of low intensity hght. Several models have so far 
been proposed to «‘.xplain the creation and annihilation of these metastable defects. 
Tht‘.se can be divided into two categories : (a) based on movement of hydrogen (SJT 
and RB models) and (b) defect controlled model(DCR). 


3.5.1 SJT and RB Models 

Stutzmann et al [26] (SJT) were first to give a quantitative analysis for the creation 
of light induced defects. As described in Section 3.1.1.a, metastable defects are 
created by breaking of weak Si-Si bonds. The proposed defect reaction for the creation 

of metastable defects is given as 


dNd/dt = 


(3.12) 



46 


where (7,,,, is a constant describing the creation probability and v an<l p are tin- free 
electron and hole concentrations. It is assumed Iutc, that Si;, are the <)ul\ deh'i f.s 
that are responsible for S-W effect in undoped a-Si:H. The recombination is (piite 
complicated, but for high iUumination intensity (G’), the carrier densitie.s it and p at 
the conduction and valence band edges are given, to a fair approximation, by 


n = p — 


G 

ANi 


13 . 13 ) 


where, A is an average recombination constant. Stutzmann, [137] further. intr<Hlured 
an annealing term in the rate equation and the net equation is ^ven by 


dNj 

dt 


Cg'ujTip 'f'ann^d 


(3 14 ) 


where Vann is the anneal rate. Under strong illumination, anne^ding term is negligible 
near room temperature and the solution of Eq. (3.14) give.s 


N!{i)-N!(0) = 3C,^G^t/A^ 


(3.15) 


here, Ni{0) is the initial equihbrium defect density. For .sufficiently long iBttnuuation 
times, such that Nd{t) > 2NdiO), excess defect density foUow's a power law tiim* 
dependence 

Nd(t) = (3 C.^/A^) (3.16) 

Smith and Wagner [126] also proposed a similar rate equation for the higher ffozen-in 
defect density after fast quenching the a-Si:H jBhns, suggesting that a common rate 
equation can be written for the creation of metastable defects. 

A stretched exponential time dependence for the creation of metastable deft'cts 
has been obtained by Redfield and Bube (RB) [138,139]. The kinetic model proposed 
by these authors [140,139] takes into account both thermal and light induced creation 
and annealing of metastable defects. The rate equation in this case is given as 



^^^^ = CriN,-Ni)-ArNi 
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(3.17) 

where is the saturated defect density and Cr and Ar are the creation and annealing 
rate coefficients, which include both thermal and Hght induced terms. For a dispersive 
process, both Cr and At are time dependent and the metastable defect density is given 
as 

Ni {t) = AT. - {N, - No) exp (3.18) 

These authors have shown that the stretched exponential yields a better agreement 
with the experimental data than the power law dependence as obtained in the SJT 
model. Meatidre et al. [124,136] have also considered a similar rate equation as 
proposed by Redfield and Bube (Eq. 3.17) and have shown that the annealing in 
dark as well as under illumination follows a stretched exponential. 

A discrepancy between the SJT model (power law time dependence) and RB 
moilel (stretched exponential time dependence) has been removed by considering the 
exponential nature of the band tails and a saturation of defect density [141]. In this 
case, the creation of metsistable defect density fofiows a stretched exponential, as 
.sugge.sted by R<‘dfieid and Bube [139]. 

Redfi(‘Id and Bube [139], however, do not propose any particular dispersive mech- 
anism. Later Kakalios d d. [132] proposed that the dispersive diffusion of hydrogen 
is the rate controlling mechanism for the stretched exponential behaviour of annealing 

of metastable defects. 

Recently, some new kinetic models have been proposed for creation and annihi- 
lation of metJistable defects. These include, 1) a model by Abdulhalim [142], based 
on the existence of short range large energy fluctuations, which include transition 
traps for carriers that release their energy and enhance the creation or anmhilation 
of metastable defects. The general form of the kinetic equation is based on that pro- 
p<jsed originally by Redfield and Bube [139] and explains the experimentally ob.served 
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dependence of metastablc defect density on the inat<Tial an<i extenuil parainet<T,s. 
2) a model by Schnmin [143] based on the thermodynainie equilibrimn brtwren free 
carriers, defects and defect free configuration. The .sugg<'Kted chr'nura! reartjon in 
this case maintains the reversibihty. During tin* forward reaction, an electron-hole 
pair is destroyed under both equilibrium and non-equilibriimi condition.s. However, in 
the backward reaction, an electron-hole pair is created. The tht*nno(lynaiu 5 c picture 
predicts that hght induced forward rate is much higher than the thermal barkwarfl 
rate near room temperature and thus a large number of defect. s are rreati’d. How- 
ever, both thermal forward rate and light backward rates are small aiul thus a large 
change in metastable defect density is seen upon light soaking, while auii< of 

these defects is slow. 

3.5.2 Defect controlled model 

Crandall [131] proposed a model for creation and annealing of metH.stahle .state IuimhI 

on defect controlled relaxation (DCR). The main hyp<)thf‘.sc*s of the model an* as 
follows: 

1. A metastable state can be either in state A or in state B. The energy 
barrier for transition from state A to state B is Ea^b md that for the 
transition from state B to state A is Eb-a (see Fig. 3.4). 

2. In amorphous materials, disorder produces a variation in barrier height 
and energy minima among different sites. So a distribution of barrier 
heights Ea-b and Eb_^ is present, however, each individual defect has 
a weU defined energy barriers. These defects have an exponential di.Htri- 

bution given by N, = No exp{~E/kTo), where kT« is the characteristie 
energy of the distribution. 

3. Defects with highest barrier have lowest formation energy. The 
in the ensemble is characterized by a barrier energy E,. 
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Figure 3.4: Configuration coordinate diagram for metastable defects. Energies are 
defined in the text. 

The first ord(T rate ecjuation is considered for the time rate of defect conversion. If 
and are density of defects per unit volume per unit energy at energy 

E, in state A and state B respectively, then 

lit (It 

= -UAiEi) W^^B(Ei) + neiEi) Wg-^AiEi) (3.19) 

where Wg-^AiEi) are the transition probabihties per unit time per 

defect from state A to B and from state B to A respectively. Total population in 
state A and B are 

NAi) = E (3-20) 

t 

and 


iV«{i) = E "s('Ei) 

I 

using Eqs. (3.19), (3.20) and (3.21) 


( 3 . 21 ) 
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dNA (INb 


dt 


di 


(3.22) 


for a continuous distribution of states in (>nergy, summation can br rcplaceti by 
integration. The transition rates, for a thermally activated process ar«' given by 


Wa^b{E) = fca6exp(-f;/fcr) 


[3.23) 


= h, exp{-E/kT) 


(3,24) 


kab and ha are the transition rate constants, which depend ui) 0 « the transition mech- 
anism. Since defect formation (A B) is caused by eh'ctrons and holes and thu.s k„b 
is a function of carrier density. The annealing (B A) rate constant kt.., is of the 
order of a lattice vibration frequency (w) 

Under illumination or during charge injection, kab S' ami the cjeafn»n t.f 
metastable defects is given as 


Ns{t) — Nb{0) = {Ns{oo) - Nb{0)) - exp 


(3,25) 


where Nb(0) and Nb{oo) are the initial and steady state defect density in state B. Tin 
Eq. (3.25) shows that the increase in defect density obeys a stretcherl «*xponentiitl. 

For defect annealing, the solution of rate equation {Eq. (3.19)} gives 


NB(t) — Nb(oo) = (Nb{0) - Nb(oo)) exp | 


(3.26) 


where r is thermally activated, with activation energy Er. Crandall (131) obtained 
an expression for Er with the assumption that k^b « ha Rs w, and showed that since 
Ea-b > Eb-a, 

Er ~ Eb~A 

This shows that the transition energy is mainly determined by the maximum harrier 
height (£;„n) surmounted during degradation. The model, furthenncre, ,>r«lirts that 



51 


the barrier height is related to the time of degradation (td) such that 

EmB = kThx{kabtd) 

which implies that the longer degradation time converts defects with longer anneal 
time and a higher activation energy (Er). 

Thus we see that all the models for the creation and anneahng of metastable 
defects predict a stretched exponential time dependence. It is, therefore, difficult to 
distinguish between these models on this basis. 


central l.BRAI 
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Chapter 4 


Experimental Details 


This rhapt<'r describes the preparation of both undoped and doped a-Si:H films and 
their initial characterization for the quality. The details of the measurements set-up 
and the i'xperim('nt;il procedures are also discussed here. 


4.1 Preparation 

In the foUowinj!;, we <iescribe the preparation of a-Si:H films and electrodes used for 
the elt‘<'trical measun'inents. 

4.1.1 Preparation of a-Si:H films 
4.1.1. a Undoped Films 

Hy.lrogenated amorphous sihcon (a-Si:H) films are prepared on Corning 7059 glass 
substrates by the standard dc and rf glow discharge techniques [144,90]. The reaction 
chamber used for the preparation of a-Si:H films is shown in Fig. 4.1. Prior to the film 
d«‘position, the reaction chamber is evacuated to a pressure < 10 torr using a turbo 
m«h‘c.ilar pump and baked for a few hours at temperature (T) < 600K. The chamber 
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Tahir 4.1: Deposition ParametcTs for a-Si:H hy rlc (tlow-Disrhau'c 


3V;’"SiH.i Jtl’* A I, yon 
s; Iforv 
ss 2().‘<n’ro 


Gas used 
PressTire 
Flow rate 
Substrate teinperatnr<' T, « 550A 
Power density ^ ' *** 

deposition rate ^ 1 A ■ s 


Table 4.2: Deposition Parameters for a*Si:H by r.f G!ow-DisrharR»‘ 


Samples 

T'ikIojhhI a-Si'H 

P (Ittpcd a*Si H 

Gas used 

Pure SiH.} 

.Sill; • H * PH 

Pressure 

w O.Sforr 

Itiin 

Flow rate 

w 50scco' 

% 40.‘*cco.’ 

Substrate temperature T,, 

a 575 A’ 

500 A 

Power density 

Ks 40mir/'cro' 

5s 10»//U’ ('jfe 

deposition rate 

^ 0 -4 / .** 

% 3.4 


is then purged with hydrogen followed by cleaning of the substrates with !iythog»*n 
plasma. The starting gas Silane (SiH 4 ) is then introduced into the reaction rhainla t 
and glow discharge is produced between the electrodes by applyirjg an «'lectrie field 
to the cathode. Silane (SiH 4 ) molecules are dissociated throtigh <*olhsit»ns with fast 
electrons in the plasma, into neutral radicals, atoms an<l i<»ns. These radicals and 
atoms generated in the plasma, travel to the growing surface* through a gas |>hiise 
diffusion process resixlting in the deposition of the amorphems silicon thin film ont«> 
Corning 7059 glass substrates. Externally controllable paramettjrs f(»r plasma CM) 
process are: starting gas materials (pure SiH 4 , or Ar diluted SiH 4 ), gas flem* rate*, 
gas pressure, power density, electrode separation and the .stibstrate t(‘mp<*rafure {144| 
The deposition parameters are selected so as to get good quality a-Si;H films with low 
defect density and high photosensitivity. Typical deposition param<*ters are given in 
Tables 4.1 and 4.2. 
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conductivity increases by 2 orders of magnitude at room temperature. The properties 
of typical undoped and doped films axe listed in Table 4.3. 

4.1.2 Electrodes 

Evaporated ni chrome and aquadac (colloidal graphite solution in organic solvent) are 
used as electrodes for characterizing the films electrically in a coplanar geometry. 

Nichrome is evaporated in vacuum on to the film s so as to make coplanar strips 
w 1 cm long and « 1mm apart for conductivity measurements and ~ 5 mm apart 
for thermopower measurements on the top surface of a-Si:H films. Graphite paint 
is used in the form of dots of « 2 mm diameter and with ss 1mm separation. Both 
nichrome as well as graphite paint are found to give good Ohmic contact to the films 
up-to a fitild of lOOOV/cm in the entire measurement temperature range. 

4.2 Characterization 

In the following, we discuss the initial characterization of the films for the quality. 


4.2.1 Structural Characterization 

Hydrogenated amorphotis films (a-Si:H) so deposited are characterized for their amor- 
phous nature using X-rays . The X-ray diffractogram gives a broad peak, character- 
istic of amorphous materials. 

4.2.2 Optical Characterization 

This consists of the measurement of optical transmission (T) in the wavelength (A) 
range 400nm "■ 1200nra and gives the thickness and optical gap of these films, fol- 
lowing the analyses of Swanpole [146]. Transmission is measured using a Hitachi 
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Figure 4.2: Depth profile of lithium in a-Si:H as measured by SIMS. Initial profile 
upto 0.1 //m is because of silver overlayer. 
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2000 spectrophotometer for 400nm < A < 900nm and photodiode for 500nm < A < 
1200nm. Similar values of T are obtained in both the measurements. 

4.2.2.a Determination of Thickness 

Thi( kness is dtdermined using the T(A) following Swanpole. The transmission (T) 
for a-Si:H films is a function of the wavelength(A), refractive index(n), substrate 
refractive index(.s), film thickness(d) and the absorption coefficient(o;): 

r = T(A,s,a,(f,a) (4.1) 

for a known value of ‘.s’ (refractive index of substrate Corning 7059), n(A) is 
calculated from the minimum and the maximum value of T at corresponding A in the 
weak and medium absorption regions. The interference condition for a maximum or 
a minimum is 

2nd := rnX (4-2) 

where rti is an iuteg<'r for maxima and a half integer for minima. If ni and 
n-i are the refractiv*' iudict's at the two adjacent maxima (or minima) at Aj and A 2 
r<’sp(>ftiv<>ly. then 

■I - 

2{ri2Ai - A 2 ) 

for an adjactuit maximum and minimum, the interference conditions are given by 
2rui = mA] (maxima) 

2nd = (m + l/ 2 )A 2 (minima) 
and thus 

d = (4.4) 

From Ec|* (4.4), d is (Icterniixied, knowing ni(Ai) and ri 2 (A 2 ). The procedure is 

repeated for fill the iut<!rference fringes and an average value of d is calculated. 
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4.2.2.b Determination of absorption coefficient(fv) and Optical gap(E^) 

A plot of n{\) vs. A is used to calculate q in the medium and weak absorption regions 
(600< A <900nm). In the strong absorption region (A < COOnrn), the fringes ar<‘ not 
found and hence n(A) could not be calculated using the transmis.sion data. However, 
n(A) in the interference region is a slowly varying function of A, and hence, it could be 
extrapolated to get the fairly accurate value of n(A) in the strong absorption region. 
Thus o is obtained in this region. 

To determine the optical gap of a-Si:H films vs. hu is plott<'d for 

hv > l.SeV. It is fitted to a straight fine [147] 

<x {E - Eg) ( 4 . 5 ) 

The value of Eg thus obtained is ~ 1.75tb'^ for these films. 

4.2.3 Electrical Characterization 

AH undoped and doped films are characterized for dark and photoconductivity {a aiui 
Cph) at room temperature, activation energy {E^) and the type of majority charg(' 
carriers. The characteristic properties are fisted in Table 4.3. 


4.3 Measurements 

This section is divided in two sub sections. First, we give a brief description of tlu' 
set"Up and then we describe our measurements. 

4.3.1 Conductivity and Thermopower Set Up 

Conductivity (<t) of the undoped and doped a-Si:H films in a coplanar geometry has 
been measured in an oil diffusion pump vacuum system at a pressure < 10~®torr. 
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Table 4.3. Characteristic electrical properties of a-Si:H in annealed and slow Cooled 
(SC) State. 


Sample 

Name 

a ( 300K) 

cTpk ( 300K) 

( 

;«v) 

Te 

(7o(r > Te) 

n-'cm-' 

(T < Ts) 

(T > Te) 

°C 

f2-'cm-' 

a-Si:H #15 
(undoped) 

2.5 X 10-'° 

3 X 10-° 

0.84 

0.84 


2 X 10“ 

a-Si;H #18 
(undoped) 

5.3 X 10-® 

6.5 X 10-° 

0.50 

0.70 

180 

2 X 10° 

a-Si:H(P) #11 

2 X 10-“ 


0.28 

0.34 

150 

50 

a-Si:H(P) #12 

7.5 X 10-“ 


0.24 

0.33 

150 

80 

a-Si:H(Li) 

(low doping) 

8.5x10-° 

2.14x10-“ 

0.35 

0.40 

170 

30 

a-Si:H(Li) 

(high doping) 

3.0 X 10-° 

3.3 X 10-° 

0.14 

0.23 

120 

12 


The measnrenK'ixt chaiuber is shown in Fig. 4.3. The samples are kept on a copper 
block having a h«‘ater and a water circulation facility. The top view of the copper 
block with tlu‘ sami)le is shown in the Fig. 4.4. The conductivity measurements 
are carrie<l out in vacuum as a function of temperature (T), such that 250 A"” <T< 
50()A'. The system idso enables us to heat or cool the samples at a desired rate. 
For slow cooling (ssi 1 — 2K/rnin)., the heater current is slowly reduced. CooKng 
rates as high as 400 “ 60QK/min are achieved by switching off the heater at a high 
temperature (fts 450A') and then circulating chiUed water through the copper block. 
The top plate of the chamber has a quartz window through which hght is shone 
(luring the photoconductivity (o-p^) measurements as well as for light soaking these 
films in vacuum. This system facilitates us to do aU electrical measurements such 
as I-V, dark and photo condtictivity (a and cTph) as a function of temperature in the 
.slow cooled (SC), fast (pienched (FQ) and the Hght soaked (LS) states in vacuum, 
without distiirbing the sample, once it is loaded. 
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leads 


Figure 4.3: Schematic diagram of measurement chamber used for conductivity mea- 
surements in SC, FQ and LS states 
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M. S. Plate 


Teflon screw 


E lectrodes 



Copper block 

Thermo couple 

Dummy substrate 


Phosphor bronz clip 


' — a- Si: H Sample 


Figure 4.4: Top view of sample holder (conductivity) 

For a better thermal contact between the sample and copper block, silver paint 
has been tised. The temperature of the sample has been monitored using a Chromal- 
Ahunel fbermoeouplc place<l on the dummy substrate (Corning 7059) mounted next 
to the sample. The reference junction of the thermocouple is placed in a beaker 
containing water, whose* temperature is measured by a mercury thermometer, to 
(h.>termine tin? r(‘f<‘rence temperature accurately. 

Thermopower set up is .similar to the conductivity set-up [148] except that it 
has two copper blocks at a .separation of « 5 mm with separate heaters so that both 
the end.s of the .sample can be heated independently and also a desired temperature 
difference can be maintained between the two ends of the sample. A lateral view of 
the sample hohler is shown in the Fig. 4.5. This system also has a water circulation 
and a Ught .shining faciHty .similar to the conductivity set-up and thus enables us to 
do the.st* mea.surements in SC, FQ, and LS states without disturbing the sample. 
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^1 * ^2 Thermo couples 
H 2 Heaters 

Walter circulation line 
S Sample 
B|,B 2 Copp«r blocks. 

Figure 4.5: Lateral view of sample holder (thermopower) 

4.3.2 Measurement Details 

We have measured the conductivity and thermopower in the SC, FQ and LS states. 
In addition the relaxation from metastable state at a fixed temperature is also done 
for both FQ and LS states. 

4.3.2.a Conductivity Measurements 

Dark conductivity (cr) measurements are done at room temperature as a function 
of voltage in vacuum using a Keithley 617 electrometer-voltage source. The cr(T) 
measurements are done in the ohmic range. The samples are annealed at 470A' for 
about 1 hour, and then slowly cooled (« IK j min) to room temperature. Conductiv- 
ity (a(T)) measurement are done during slow coohng of the sample. Films axe then 
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heated slowly (1 ‘ZK j min) to 470A and the conductivity is measured during heating 
also. The two o'(T) curves (while heating and cooHng) are found to be identical. 

The photoconductivity (<yph) of these films is measured at room temperature • 
in vacuum. The films are exposed to ~10mW/cm^ LO fight (at flim surface) from 
a 200 W, 220 tungsten lamp using a red filter. For the intensity dependence of 
photoconductivity, neutral density filters are used. A combination of these filters 
allow the relative intensity to vary over 4 orders of magnitude. LO fight is used 
for aU the photoconductivity measurements to avoid the Staebler-Wronski effect, 
commonly observed in these films. 

In order to study the effect of fast quenching (FQ) on a-Si:H films (Thermal 
induced metastabifity), these films are annealed at a high temperature [k, dTOA") for 
1 hour and then fast quenched by circulating water through the copper block. The 
water is kept circulating for more than half an hour,so as to bring the entire system 
to thermal eqiiifibrium near room temperature. The cr{T) measurements in the fast 
quenched state fixe done wliile heating it slowly (1 — 2K/min). Changes in <r and E^- 
have been observed for doped films after fast quenching. 

For the study of light induced metastabifity, the sample is first annealed at 
470K and then slowly cooled to room temperature. HI fight from a 360kF, SOV ENX 
tungsten hfilogen lamp (intensity w 150mW/cm^) or a LO fight from a tungsten 
lamp is shone through the (j,uartz window. A beaker filled with water is kept on 
the top of the window, to absorb heat and cut-off infrared fight during fight soaking 
at room temperature. Water is circulated continuously through the copper block to 
avoid any change in sample temperature during fight soaking of these films. After 
fight soaking the sample for the required time, the lamp is put off and the window is 
covered with a black cloth. Water circulation is kept on for another half an hour so 
as to bring the system into thermal equilibrium at room temperature. Conductivity 
measurements axe then <lone while heating slowly as described earlier. A change in 
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(t{T) is observed in some of these films after light soaking. An on-line computer is 
used for ct(T) measurements in the SC, FQ and LS states. 

4.3.2.b Isothermal Relaxation 


The thermal and fight induced metastable states slowly return to the equilibrium 
slow cooled state, at any temperature T < Te- To study the kinetics of recovery of 
metastable state obtained after FQ and LS, the sample in metastable state is heated 
quickly (« 10-20min) to the measurement temperature and the a is monitored as a 
function of time using an on-line computer. The electrical bias is kept on during the 
( 7 (t) measurement. The recovery kinetics is studied at different temperatures, after 
both FQ and LS and the normalized conductivity Y{t) has been fitted a stretched 
exponential as given by Eq.. (3.8) to obtain the relaxation parameter /? and r. Y{i) 
is defined as 


Y(t\ = ~ 

<t( 0) — o-(oo) 


(4.6) 


where a{t) is the conductivity at any time cr(0) and <t(oo)) are the conductivity 
values in the beginning i, e. , at t = 0 and in the final slow cooled state respectively. 


4.3.2.C Thermopower Measurements 


For measurement of thermopower *9, coplanar nichrome electrodes, about 1 cm long 
and 0.5 cm apart, are evaporated on the top surface of the film . The sample is placed 
in the measurement chamber such that the two electrodes are on two separate copper 
blocks. For a better thermal contact between the sample and the copper blocks, silver 
paint is used. The temperatures of the two ends (Ti and 22) are monitored using 
Copper«Constantan (Cu-Ct) thermocouples, placed on each electrodes. By varying 
the heater currents a variable temperature difference A T ranging between 0 and 
5K could be achieved. Thermo-emf A V is measured using copper wires of the two 
thermocouples. Since a-Si:H films are resistive, the signal is often very noisy. To 



67 


avoid any electrical pick-up, the thermocouple wires coining out of the chamber are 
shielded using an aluminium box. It is often observed that, the curve A V vs. AT 
does not pass through the origin (see Fig 4.6). This may probably be due to the 
fact that temperature read by the thermocouple is different than that of the sample. 
Thus if A y is measured only for a few values of A T, it could lead to an error in 
the determination of S, which is the slope of A 1^ vs. A T. In order to avoid this, we 
have measured A V for 8-10 values of A T such that -5K < A T < 5K for an average 
temperature T, which may vary, in some cases between T ± 2K. 

It is observed that if these measurements are done in partial pressure of inert 
gas like hehum, the curve A V vs. AT shifts towards the origin. This may be due 
to the fact that heliiim provides a better thermal contact between the thermocouple 
and sample. 

To measure 5, the sample is initially annealed at 470K and cooled slowly. AH 
the measureuKuits are done in He atmosphere, while heating the sample. Effects 
of fast <pu'n<-hing and hght soaking on S are also studied. The metastabiUties are 
introduce*! in the same way as described for the conductivity measurements. 




Figure 4.6: Thermo volt age (AV) vs. temperature difference (AT) in vacuum and Ht 
atmosphere. 







Chapter 5 


Results 


In the following, we present otir results of the thermal and Ught induced metastabil- 
ities on undoped, P-doped and Li-doped a-Si:H. We have measured the conductivity 
(a) and thenuopower in the slow cooled (SC), fast quenched (FQ), and hght soaJced 
(LS) states. Furthermore. w<‘ have also measured the relaxation of metastable state 
introduced by hist (pienching t>r hght soaking a-Si:H films. 


5.1 Effect of doping on conductivity of a-Si:H 


A.s di.scus.se*! in the chapter 2, for extended band conduction, the conductivity of 
a-Si:H films folhnvs Arrheniu.s relationship, 


(T =; rtr,i exp 


I '■ ” Tf"/ 


(5.1) 


It j.s {>bserved that most of these curves show two values of activation energy, 
one below 400A* and the other above 400A' (Fig. 5.1). The room temperature 
conductivity ^t(, 1(}0A') is ol)served to be higher than that determined by extrapolating 
the high temperature curve. The characteristic properties in the annealed and slow 
cooled (SC) .state of the a.Si:H films are summarized in Table 4.3. 
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1000/T(K ) 

Figure 5.1: loga vs. 1/T for a-Si:H films in SC state. Curves (4, 5) are for undoped 
(2) for P-doped and (1, 3) are for Li-doped a-Si:H. 
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Fig. 5.1 shows the Arrhenius plot of a for 300^ < T < SODAT for undoped 
and doped a-Si:H films in the annealed and slow cooled (SC) state. For the two 
undoped films (Curve 4 and 5), (t{Z00K) are 9 x 10-»a-icm-‘ and 2.5 x 
respectively. The photoconductivity, <t^h{300K) under « lOmW/cm^ fight (LO red 
fight) for the.s(‘ films are 6.5 x 10-®a->cm-i and 3 x IQ-^Q-icm-i respectively. The 
two films ar(' (imilitatively similar and the difference in a(T) is because of the different 
preparation comiition. 

W lu'U tlu'sti films are doped with phosphorus cr(300i$r) increases and activation 
energy (E.r ) decreases. Doping with phosphorus changes a{300K) to 2 x 
and 7.66 x 10 '*12 “'mi”' respectively for the two slightly different doping concentra- 
tions (nirv<‘ 2). The E„ values for T > 4007^ are 0.35eF and 0.33ey respectively. 
The diffen’nce hetw<'en cr and (Tjik for these films is negligible in presence of LO fight 
at room t*-mi><‘ratur<'. These results are in agreement with the published results [6]. 

Dtjping with Li increases both cr and aph, [49]. For a-Si:Hfilms with low Li con- 
centration. (T(300/i') and <rp/,(300A') (for LO red fight) are « 8.5 x 10“®12“*cm“* 
and 2.14 x 10' '*12“'rrri”‘ re.sptrtively. For high lithium concentrations, a{300K) « 
3 :< 10 ’‘U 'em ' and cr,,4(30()A') « 3.3 x 10"*f2“‘cm"*. The values for T < Tg 
in these* films are t«) 0,35c F and 0.14e.F. For T > Tg, these values are 0.4eF and 
0.23cr o sprefiM ly (Curve 1 and 3). All these results are summarized in Table 4.3. 

The result, s for Li doped film.s are in agreement with those published for P-doped 
a«Si;H and ran be «mder.stood a.s follows. Doping increases the defect density in a- 
Si:H. These defects act a.s trapping centers for the photogenerated electrons and holes 
and thus reduce the photo ewdn et ivi^ . Also the density of photogenerated electrons 
is ('oiapar.ible to the equilibrium carrier density and thus a small difference is seen 
betw«*<»n and cr for h<‘avily doped films as compared to the low doped a-Si:H. 

It is also t'vident from these curves, that log cr vs. 1/T has a kink for almost 
all the films. The activation energies below and above the kink are different and E„ 
is higher for the high femperature range. This kink may arise due to a change m 
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conduction mechanism or due to a non linear statistical shift of the F< imi Ifvd {s(< 
section 2.3). We have shown in chapter 2, that a non hnear statistical shift of the 
Fermi level is the more Hkely reason for the observed kink in a-Si.H. 


5.2 Undoped a-Si:H 

Fig. 5.2 shows the log a vs. 1 /T curve for undoped a-Si:H prepared by glow discharge 
of a mixture of 3% Silane in Argon. cr(300A ) in SC state is ~ 9 x 10 **12 ^c.m . In 
presence of LO red light from a tungsten lamp. (7pA(300A ) is ~ 6.5 x 10 12 cm 

with 7 w 0.5, (aph oc O'*, G the is intensity of hght). Quahtatively similar results ar(‘ 
obtained for the a-Si:H films prepared by glow discharge of pure Silam'. The log o' 
vs. 1 /T curve for one of these films is shown in Fig. 5.3. 

5.2.1 Thermal Induced Metastability 

As is clear fi'om Figs. 5.2 and 5.3, upon fast quenching (> 400A'/m?’n) from 470 to 
SOOA'^, undoped a-Si:H films used in the present study, do not show any change in 
cr(300A'’). The Arrhenius plot of these films remains unchanged in the measurement 
temperature range after fast quenching. A small decrease in (Tph is, however, observed 
as a result of fast quenching and is listed in Table 5.1. 

5.2.2 Light Induced Metastability 

Light soaking these films with LO white hght for 2 hours, decreases both a and 
a-ph- (See Fig. 5.2 and Table 5.1). In the hght soaked (LS) state cr(300A’’) w 2.5 X 
10 “®ll"*cm“h The exponent 7 changes to 0.8 in LS state and is now 0.71 eV. 
The cr(T) curve in LS state meets the corresponding SC curve at Ri 455A' and for 
T > i55K, a{T) is unique. The effect is completely reversible and anneahng at 475A” 
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Table 5.1: cr, cr.ph and Eg- of a-Si:H films in SC, FQ, LS and FQ+LS states. Exponent 
7 for the intensity dependence of Cph. is also shown. The quenching and light soaking 
conditions are as described in the text. Light used for Cph is shown in column 1 


Sample 

State 

(T (300K) 

cTpk (300K) 
fi-'cm-' 

E.(eV) 

(T < Te) 

7 

a-Si:H #18 

SC 

9.0 X 10-« 

6.5 X 10-“ 

0.50 

0.5 

Undoped 

FQ 

9.0 X 10'® 

5.5 X 10-“ 

0.50 


LO Red fight 

LS 

2.5 X 10-® 

9.91 X 10-“ 

0.71 

0.80 


FQ+LS 

2.4 X 10-® 

9.25 X 10-“ 

0.71 

0.73 

a-Si:H #15 

SC 

2.5 X 10-'“ 

3 X 10-“ 

0.84 

0.78 

Undoped 

FQ 

2.4 X 10-'“ 

2.43 X 10-“ 

0.84 

0.75 

LO Red fight 

LS 

2.0 X 10-" 

8.41 X 10-® 

1.01 

0.86 

'■■a“Si:H{F)‘“#Tr 

SC 

2 X 10-“ 


0.28 



FQ 

3.5 X 10-“ 


0.22 



LS 

2 X 10-“ 





FQ+LS 

3.5 X 10-“ 




a-Si:H(P) #12 

SC 

7.5 X 10-“ 


0.24 



FQ 

1.2 X 10-® 


0.21 


a.Si:H(Li) 

SC 

1 X 10-“ 

6 X 10-“ 

0.35 

0.35 

(low doping) 

FQ 

7.5 X 10-“ 

7.2 X 10-“ 

0.20 


LO White fight 

LS 

2.5 X 10-® 

1.36 X 10-“ 

0.75 

0.77 


FQ+LS 

4-0 X 10-® 

1.61 X 10-“ 



a-.Si:H{ Li) 

"SC 

3 X lO-'* 

3.38 X 10-' 

0.14 


(high doping) 

FQ 

6 X 10-® 

6.8 X 10-“ 

0.09 


LO Red fight 

LS 

1.5 X 10-® 

1.84 X 10-“ 

0.15 



FQ+LS 

3 X 10-® 


0.09 


■7^Si:H(Li) 

SC 

3 X 10-® 

5.68 X 10-“ 

0.14 


(high doping) 

FQ 

6 X 10-® 

8.35 X 10"“ 

0.09 

A 1 K 


HI White fight 

LS 

1.5 X 10-® 

4.12 X 10-“ 

0.15 



FQ+LS 

3 X 10-® 

6 X 10"“ 

0.09 







3. 



2.5 

1000/T (K"’) 



Figure 5.3: log fr v«. 1/T for undoped a-Si:H in slow cooled (SC), fast quenched (FQ) 
and light sokatsd (LS) states. 
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for « 1/t results in the initial SC state. These results are similar to th<' reports in 
hterature [10]. 

Similar effect of light soaking ha.s been observed for undoped films pr(’j)ared 
by pure Silane. These film also show a decrease in a and a^h upon Light soaking 
with heat filtered high intensity white light (HI fight « \^QmW/crn^ of incident 
intensity at film surface) (Fig. 5.3 and Table 5.1). In the LS state, the a (300A') 
is Ks 2 X and E^is l.OleV. The cr{T) curve in LS state meets the 

equilibrium curve at ^ 470A'. Annealing at this temperature brings back the original 
state of these film s. 


5.3 Phosphorus Doped a-Si:H 

Fig. 5.4 and 5.5 show logcr vs. 1/T curves for the two P-doped a-Si:H (a-Si:H(P)) 
films. In the SC state, for the two films investigated here, the observed valiic^s of 
<7(300A) are 2 x 10 ^cm~^ and 7.66 x 10"^n~'cm~^ respectively. The cr{T) curves 

for both the films show two values of activation energies (Fig. 5.4 and 5.5). For 
T < 400A, Etj for the two films are found to be ~ 0.28eV and 0.24ek'^ respectively. 
These values of at T > 400A' change to 0.35eP and 0.33ey. The prefactor ctq is 
50fl cm ^ and 80f2 ^cm ^ for the two films. The two films are qualitatively similar 
and a small difference in a might be due to a slightly different doping concentrations. 

5.3.1 Thermal Induced Metastability 

An increase in cr(300Ar) is observed (see Figs. 5.4 and 5.5) when phosphortis doped 
a-Si:H films are fast quenched from 450Ar. The (t( 300A') for the two films in FQ 
state are 3.5 x 10 and 1.2 x 10~^f)“^cm"^ respectively. A decrease in Eg is 

also observed in FQ state for both the films. The new values of Eg in fast quenched 
state are now 0.22ey and 0.24ey respectively. The cr(T) curves after FQ meet the 



a-S'r:H (P) H. 11 



■ Quenched 
X Slow Cooled 


AE =0.28eV 





1000/T (K"’) 


Figure 5.5: log a vs. 1/T for a-Si:H(P) in slow cooled (SC), fast quenched (FQ) states. 
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corresponding SC curves at 4207^ for both the films. These results are in agreement 
with those reported by Street et al. [16]. 

5.3.2 Light Induced Metastability 

XJnhke undoped a-Si.H films, these fi l m s do not show any change in cr(300.ftr) after 
exposing them to LO fight or heat filtered HI white fight. The logo- vs. 1/T curve 
remains unaltered for these films upon fight soaking. There are some reports in 
literature, where a decrease in a of a-Si;H(P)after fight soaking has been reported, 
however, the effect is small in case of a-Si;H(P)with higher P concentrations 

5.3.3 Isothermal Relaxation 


The metastable states created by fast quenching from high temperatures or by fight 
soaking, .slowly approach the equifibrium value (the slow cooled state) at T < Te 
following a stretched exponential 


>'(0 = exp 




where, Y{t) is the normalized conductivity defined in Eq.(4.6). The parameters r 
and are temperature dependent. 

Fig. 5.6 shows the Isothermal relaxation curves at different temperatures for a 
phosphorus doped a-Si;H films after fast quenching these films from 450A''. Similar 
to the reported results recovery at each temperature follows a stretched exponential 
time dependence. The relaxation time r decreases as the measurement temperature 
is increased and is found to be thermally activated, with an activation energy oi 
leF(see Fig. 5.7). The exponent 0 is also a temperature dependent parameter 
and increases with temperature (Fig. 5.8). Kakafios ei al [30] measured the time 
dependence of excess band tail carrier density and obtained the similar temperature 
dependence of 0 and r for P-doped a-Si:H. 
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Figure 5.6: NormaJised conductivity F(t) vs. log(t) for relaxation from FQ state for 
a-Si:H(P) at dilfereiit temperatures. Points are actual data, Line is fit to the Ea (3 81 
The corresponding fit parameters ^ and r axe also shown. ^ 
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Figure 5.7: logr vs. 1/T for a-Si:H(P) for relaxation from FQ state at different 
t(‘mp<'rature.s. 
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5.4 Lithium Doped a-Si:H Films 

Fig. 5.9 and 5.10 show log a vs. l/T curves for two lithium doped a-Si:H films for dif- 
ferent doping c.oncentrations. Doping with Hthium causes an increase in (T(300i^) and 
decrease in of the.se films. We present our results for two doping concentrations 
in the following. 

For a-Si:H film.s with low Li concentration, (T(300ii:) « 1 x which 

is nearly two or<lers of magnitude higher as compared to the undoped films. The 
activation energy E„ near room temperature for these films is 0.35ey and for 
T > 400 A' the vjilue of E^ is « 0.40eV. The prefactor (Tq is 30fi“' cm" ^ for the 
high t(‘ini>eratnre curve (Fig. 5.9). 

For a-Si:H fihns with high Li concentration, cr{300K) changes to « 3 x 
cm"' , about 4 x 10'‘ time.s of the undoped films (See Fig. 5.10; Table 5.1). Activation 
energy (£^) for the.se films near room temperature is 0.1461^ in SC state and at 
T > 400 A', E„ is nearly 0.23eV’, the prefactor cxq for high temperature curve is about 
12fi"’crn"'. 

5.4.1 Thermal Induced Metastability 

Fast <iuenching litliium dope<l a-Si:H (a-Si:H(Li)) films with low Hthium concentra- 
tion, from 470 A' at a cooling rate > 500K/min results in about an order of magnitude 
increase in <t{ 300A') (see Fig. 5.9). A small increase in photoconductivity (cTph) is 
also seen in the FQ state (Table 5.1). The activation energy E„- of these films after 
FQ decreases to 0.20cF and cr{T) curve in the FQ state meets the corresponding 
SC curve at w 440 A' which is identified as equihbration temperature (Tb) for these 
films. For T > 440A’’, <x(T) curve is unique, independent of the thermal history of 
the sample. These resets are in qualitative agreement with the Hterature [48]. 



>og.„o- (iL'cm‘ 
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ys. 1/T for low doped a-Si:H{Li) in slow cooled (SC), fast quenched 
(FQ) and light sokaed (LS) states. 



Figure 5.10: log<r vs. l/T* for heavily doped a-Si:H(Li) in slow cooled (SC), fast 
<iueuclie<l (FQ) and light sokaed (LS) states. 
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Table 5.2: a and E„ for a-Si:H(Li) at 300K after queiicliing from difforeiit tcm])era- 
tures. 


State 

Ta 

T 

X(300A) 

Eg{eV) 


“C 



T<Te 

sc 

200 


8.50 X 10“® 

0.35 

FQ 

180 

165 

5.50 X 10“® 

0.22 

FQ 

180 

180 

8.30 X 10-5 

0.20 

FQ 

200 

195 

6.25 X 10"® 

0.24 

FQ 

200 

200 

1.20 X lO"'* 

0.20 

Ta 


anneahng temperature &: 

% 


quencliing temptrature 


Fast quenching a-Si:H films, with high Li concentration, from 470A' causes a two 
fold increase in a{ZQ0K) from 3 x cm~^ in SC state to G x 10“’ 0"' C 7 n“‘ in 

FQ state and a decrease in Eg to 0.09ey near room temperature (Fig. 5.10). The 
a{T) curve obtained after FQ meets the curve in the SC state at 393^" and above 
this temperature, (t{T) is independent of thermal history of these films also. Thus 
for these films Tjj is found to be 393K. These results are in (juiilitative agreement 
with literature for P-doped a-Si:H. 

5.4.1. a Effect Of Fast Quenching From Different Temperatures 

Fig. 5.11 shows <r(r) curve obtained after fast quencliiug a lithium doped a-Si:H 
film with low doping concentration from different temperatures (T,). This doping is 
chosen as it shows the highest cliange in <r both after FQ a.s Avell as after LS. It is 
evident from this figinre that as the quenching temperature is decreased from 470 A' 
to 435A, the difference between cr(300A) in SC and FQ states also decreases. Eg 
also shows a dependence upon the quenching temperature (Tg). For Tg ss 470K, 
Eg IS 0.20eV but when T, is decreased to 435A, which is slightly below the Tb for 
these films, the Eg increases to 0.22ey. It is further obsei'ved that for Tg > Tg, the 




OJ =30Jr'Cm 
j AE = 0.40 eV 
V— 170*C 


Q- Si: H (Li) 
Low doping 


0.20eV 


• FQ (200*0 
+ FQ (180*0 
O FQ(165*C) 
X S C 


0.35eV 


1000/T(K ) 


Fignn- 5.11: log<T vh, IjT for low doped a-Si:H(li) after fpienrhiiig from different 
temperatures (To). Curve in tlie SC state i.s aI.so shown. 
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ct{T) curve obtained after FQ meets the SC curve at 440A', which is nothing but 
Te for these films. However, for Tq < Te, the two curves meet at the quenching 
temperature only. It is also observed that when the cooling rate is decreased the 
change in cr(300A") is less. The results are also summarized in the Table 5.2. A 
cooling rate dependence on cr(300K) has also been reported for P-doped a-Si;H by 
Street et al. [16]. 

5.4.2 Light Induced Metastability 

Illuminating a-Si:H films with low Li concentrations at 300A' wdth heat filtert'd LO 
(sa 15mW/cm^) white light for 15 hours residts in about three orders of magnitude 
decrease in cr(300A') and an increase in to 0.77ey (Fig. 5.9). A decrease in rr,,/, is 
also seen after LS (see Table 5.1). The (t{T) curve after LS meets the corrt-sponding 
SC curve at 440A and for T > 440A’’, the cr{T) curve is independent of the history 
of the sample. Similar to the undoped films, the effect of fight soaking is found to b<' 
reversible for Li doped films. 

For a-Si;H films with high Li concentration, fight soaking at room tempt'ra- 
ture from heat filtered HI white fight for 2 hours reduces the <t( 300A') to 1.5 x 
10 Qi cm , which is half of the value obtained after SC. A small change in E(f 
is also observed after LS, which is now changed to 0.15eV (Fig 5.10). The cr(T) 
curve in LS state meets the SC curve at 393 A and is independent of initial state 
for T > 393 AC The effect of fight soaking on cr and E^ for lithium doped a-Si:H is 
qualitatively similar to that reported in literature for P-doped fiObns [15]. 

5.4. 2.a Effect of Light Soaking on Exposure Time and Illumination 
Intensities 


Fig. 5.12 shows the log a vs. l/T curve for a lithium doped a-Si:H films with a low 
doping concentration after exposing it to white fight for different exposure times. 



1000/T(K ) 


Figure 5.12: log & vs. IfT for low doped a-Si:H(Li) after different exposure conditions 
Also shown is the a{T) cTirve in the SC state. 
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Table 5.3: a and for a-Si:H(Li) in LS state. 


State 

Light Soaking Condition 


EA 


Light 

Intensity* 

Duration 


eV 

SC 




8.5 X lO"'^ 

0.35 

LS 

White 

15mW/cm^ 

5.5 X 10^ s 

1.34 X 10-« 

0.76 

LS 

White 

lOrnW! cm} 

1.0 X 10^ s 

1.02 X 10"^ 

! 0.65 

LS 

White 

150mW/cm^ 

250 s 

8.2 X 10-' 

0.54 

LS 

Red 

5m W / cm} 

7200 s 

3.9 X 10-'’ 



Approximate values 


t for T<Te 


We see that the effect of increasing the time of exposure is to change fT(3()()A') and 
Ea more, but all the (y{T) curves meet the SC curve at the sairn' teixipt'rature i.e. 
at Te- The effect of hght soaking does not seem to saturate ev(>n after 15 hours of 
exposure to white hght. From the same figure, it is also seen that illumination with 
a HI hght causes a rapid decrease in o-(300A') but again the a{T) curve in LS state 
meets the SC curve at Te, as observed for the rest of the states. Similar d(>pendence 
on exposure conditions has been reported for undoped [26] and low P-doped a-Si:H 

films. Table 5.3 hsts the value of conductivity and activation energy in different hght 
soaked states. 

5.4.3 Effect Of Light Soaking On Films In Quenched State 

To study the effect of hght soaking on the initial state of a-Si:H, we have measured the 
conductivity of a-Si:H films after hght soaking them in the initial FQ state (new state 
IS termed as FQ+LS state). Fig. 5.13 shows cr(T) curve for a-Si:H film with Low Li 
concentration in SC, FQ, LS and FQ + LS state. Exposure conditions ( wz.intensity 
and duration of hght soaking) are kept same for LS and FQ + LS states (LO hght for 
lO^s). It is observed that a in FQ+LS state is different than that in LS state. Light 
soaking in SC state decreases <T(300Ar) from 8.5 x to 1.2 x 





1000/T(K‘') 


Figure 5.13: i<)g'7 v.s. 1/T for low doped a-Si;H(Li) in SC, FQ, LS and FQ+LS states 
Light soaking is done with LO white light for 10* s. 
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Tabl(' 5.4; Effect of light soaking on a-Si:H{Li) in fast qnench('(l state. For comi)ari- 
son, <y in LS state is also given. 


Details 

Before light soaking 

After 

fight soaking 

Ratio 

of fight 

State 

cr(i) 


7 

(7(?) 

(^phif) 

1 

a[i} 

soaking 


X 

O 

1 

cn 

X 

H- 1 
O 

1 


xio-^ 

xlO"' 


^if) 

5.5 x 10^ 

SC 

1 

6 

0.35 

0.25 

1.36 

0.77 

400 

white fight 

FQ 

7.5 

7.2 


0.24 

0.4 

1.61 

1875 

10 









7200 sec. 

SC 

1 

2.7 

0.36 

39 

2.25 

0.40 

2.56 

red fight 

FQ 

6.25 

3,5 

0.30 

235 

2.75 

0.33 

2.66 

G r; 5 







j 


10^ sec 

SC 

0.85 



1.2 

! 

1 

1 

i 

1 

1 

i 

70 

white light 

FQ 

.(L625 



20 



62 

G« 10 


& 





I 


Note : 

AU a values are in the units of Q,~^nn 

and 


i 


G is the intensity of fight in rnW/ctri'^ 



1 


whereas, upon light soaking in FQ state, cr decreases from G.25 x to 

1 X The activation energy in FQ+LS state is also different than that 

in LS state. However, it is interesting to note that FQ+LS state also ineet.s the 
equilibrium c{T) curve in slow cooled state at the same T as observed for FQ or 
LS states. Similar changes in a and (Tp^ have been observed for other light st)aJ<iug 
conditions and are summarized in Table 5.4. For small expo.sures. light soaking 
decreases cr by nearly the same factor irrespective of the initial state ie, SC or FQ 
states. The difference in FQ+LS state and LS state is more for small ('xposurt'.'i and 
decreases as the exposure time is increased. 

For a-Si:H films with high lithium concentration, light soaking in SC state (for 
2h from heat filtered HI fight) decreases £r(300A') from 3 x to 1.5 x 

10 ^cm \ whereas, in the FQ state, a(300K) decreases from 6 x 10“®n"*cm“’ to 
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3.0 X ^cm ^ after light soaking. A decrease in cTph, by the same ratio is observed 

in this case also. The restdts axe shown in Table 5.1. 

For P-doped a-Si:H films, no effect of light soaking on cr is observed irrespective 
of the initial state of the films (see Table 5.1). 

For undoped a-Si:H films, no effect of FQ is observed on cr. However, cTph. de- 
creases after fast quenching. Table 5.1 shows that light soaking in SC state decreases 
aph from 6.5 x lO'^n'^cm"* to 9.9 x When these films are light soaked 

in FQ state, (Xph decreases from 5.5 x 10“®n~^c7n“^ to 9.25 x 

These results show that electronic properties of a-Si:H e.g., cr after fight soaking 
depend upon initial state of the samples. 

5.4.4 Isothermal Relaxation 


All the metastable states, created by fast quenching and light soaking relax back 
to the original slow cooled state following a stretched exponential as given by Eq. 
(3.8). The relaxation measurements are done at a fixed tempearture and normalized 
conductivity i.s obtained using Eq. (4.6). In the following section, we present our 
re.sults on isothermal relaxation from FQ as well as LS states for a-Si:H(Li). 

5.4.4-a Relaxation from Fast Quenched State 

As is evident from Figs. 5.14 and 5.15, similar to a-Si:H(P), for a-Si:H(Li)films also 
a in FQ state also approaches the slow cooled state following a stretched exponential 
after fast quenching them from high temperature w 470 A'). The stretching parameter 
0 increases with the relaxation temperature (Fig. 5.17) and attains a value of « 1 for 
T 400A' in ca.se of low lithium concentration. The relaxation time r is thermally 
activated (Fig. 5.16) with Er = 0.95 ± 0.2eF and 0.6 ± O.leV for low and high 
concentration of lithium respectively. It is also evident from this figure that r is 
small for heavily doped films as compared to the films with low Li conccmtrations. 
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Figure 5.14: Normalised conductivity Y(t) vs. log(f) for relaxation from FQ state for 
a low doped a-Si:H(Li) at different temperatures. Points are actual data, line is fit 
to the Eq. (3.8). The corresponding fit parameters ^ and r are also shown. 







e 5.15: NoraialistHi conductivity Y(t) vs. log(t) for relaxation from FQ state for 
vily doped a-Si:H(Li) at dilFerent temperatures. Points are actual data, line is 
the Eq.(3.8}. The corresponding fit parameters ^ and r are also shown. 
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Figure 5.16; log r vs. 
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Table 5.5: Parameters ji and r as a fnnctioii of tnnjx -rat lire for r«>Iaxafioii from FQ 
state for a-Si:H(P) and a-Si:H(Li). 


Sample 

Ti°C) 

0 


) J 

a-Si:H(P) 

86 

0.60 

3.93 X 10'’ 

3 >■ 10" j 

#11 

102 

0.76 

9.58 X ICP 

j 


116 

0.86 

3.15 X 10'’ 

. .1 

a-Si:H(Li) 

93 

0.64 

3.9 X 10’ 

1.1 •- 10" 

(low) 

106 

0.79 

9.2 X 10‘* 


117 

0.84 

3.4 X 10^ 



130 

1.0 

1.6 X 10-‘ 

i 


142 

0.99 

i;0 X 10*’ 


a-Si;H(Li) 

30 

0.50 

1 X 10-' ' 

TfriTF“ 

(high) 

64 

0.75 

1.26 X 10’ 

i 


92 

0.87 

2.85 X 1(P 

i 


100 

0.92 

1.95 X 10'* 

f 

i 

1 


We have summarized, in Table 5.5, the value of ii and r for I’-dopetl am! Li-doj>ed 
a-Si:H for relaxation from FQ state. 

5.4.4. b Relaxation from Light Soaked State 

Isothermal relaxation curves for the two lithium doped films after light soaking are 
plotted in Figs. 5.18 and 5.19. Follow hthium concentration, light soaking is done for 
15 hours with LO hght, while for high doping ca,se, heat filtered HI light for 2 hours 
is used. The details of Hght soaking are described in chapter 4. It is <‘vi<leiit fr<mi 
these figures that in both the cases the relaxation follows a stretched exponential time 
dependence. The relaxation time (r ), for both the dopings is thermally activated m 
shown in the Fig. 6.20 and its value depends upon th(‘ doping concentration. The 
activation energies for relaxation (Er) for the two doping cases arc> 1.45 i: {1.2c V' and 
2.0 ± 0.3eF respectively. Fig. 5.21 shows the temperature dependence of 0. The 
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Figtire 5.18: Nonaali.s(‘(l roiuhictivity F(<) vs. log(i) for relaxation from LS state for 
a low <iope(i a-Si;H(Li) at different temperatures. Points are actual data, line is fit 
to the Eq.(3.8). The corresponding fit parameters /? and r are also shown. 
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Figure 5.19: Norm^sed conductivity Y{t) vt. log(t) for relaxation from LS »tate for 

** different temperatures. Points axe actual data, line is 
nt to tie tq.{3.8). The corresponding fit parameters ^ and r are also shown. 
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Figure 5.20: lugr v. 1/T for a-Si:H(Li) for relaxatiou from LS state at differeu. 



Figure 5.21: /? vs. l/T for a-Sj:H(Li) for relaxation from LS state 
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Table 5.6. Pdrame.ters fl and r as a function of temperature for relaxation from LS 
state for a-Si;H(Li). 


Sample 

r("C) 

a 

r(sec) 

u^sec ^) 

Er{eV) 

a-Si:H(Li) 

113 

0.87 

4.9 X 10“ 

1.5 X 10^“ 

1.45 ± 0.2 

(low) 

120 

0.97 

1.16 X 10“ 




127 

1.00 

6.5 X 10^ 




140 

0.92 

2.83 X 10^ 




148 

0.98 

1.17 X 10^ 




157 

0.70 

4.0 X 10^ 

! 


a-Si:H( Li) 

65 

0.45 

1 X 10® 

« 10®^ 

2.0 ±0.3 

(high) 

84 

0.62 

3.14 X 10“ 




98 

0.60 

1.72 X 10® 




valu«\s of d anfl r for the rehixatiou from LS state are also summarized in Table 5.6. 


5.4.4.C Relaxation from FQ+LS state 

Fig. 5.22 .show.s decay of conductance at w 3iOK as a function of time for a-Si:H 
film dop«‘d heavily with lithium in FQ+LS state. We have discussed in Section 5.4.3, 
that light .soaking a heavily doped a-Si;H film in fast quenched state resulted in a 
conducting .state, which is similar to the .slow cooled state. However, we observe, 
that when these' films are alloweid to redax isothermally at an intermediate temper- 
ature, where rate of relaxation from LS and FQ are very different, we observe that 
conductivity decrefuje juj time increases. A similar decrease in a has been observed 
for recovery from FQ state. The c()nductivity o approaches a saturated value after a 
few hours, hut no .sign of any increase in cr is observed as expected for the recovery 
from LS .state. It i.s to be noted that r(LS) is much higher at 340A' as compared to 
r{FQ). These re.sults will be discussed in the next chapter. 



Conductance (Q 
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Time (10^ s) 

Figure 5.22; Conductance vs. time for relaxation from FQ+LS state at 340K for 
heavily doped a-Si:H(Li). A discontinuity in the curve is due to power fluctuations. 
Horizontal line shows the conductance in SC state. 
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5.4.4.d Errors in r and Er 

Since the relaxation data are fitted to a stretched exponential of the form given by 
Eq. 5.2, some error in the fit parameters 0 and r is expected. The possible sources 
of error are the .standard <leviations in curve fitting and the error in determination 
of Y{t). 

A pcxssible source of error in Y{t) is due to an error in cr(0) arising from the 
choice of t = 0. For the study of relaxation kinetics, the sample in metastable state is 
brought from room temperature to the measurement temperature in 10 -20mm. and 
the temperature is stabifized to an accuracy of ±1A". Since relaxation takes place 
at each t('uip<'ratur<', there may be an error in determination of t = 0 and cr(0). We 
have <'hang<'<i t = 0, and <r(0) within reasonable hmits and calcidated the error in (3 
an<l r. Tht‘se errors are shown by the vertical fines in logr vs. 1/T and /9 vs. IjT 
(uirves reportt'd here. In spite of <dl this, error bars are small enough to allow us to 
draw definit<‘ conclusions. The reason for this is 

1. At low t.’inpi'rattucs (T much below Tg), relaxation is slow and r is large 
cMiuparcd to the time taken in bringing the sample to the measurement 
temperatur<'. 

2. At high temperatures (T close to Tb), where relaxation is fast, one may 
expe<*t large error bars. However, we see that for these temperatures, 

1, i. e. , an exponential relaxation and thus t will not be much 
affected by the choice of i = 0. 


5.5 Thermopower 

We havt? meas«re<l the thermopower of a-Si:H films doped with phosphonrs and 
lithium in the slow coole<i (annealed), light soaked and fast quenched states. In the 
following .station, we pre.seut otir results. 
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5.5.1 Phosphorus doped a-Si:H 

Figs. 5.23 and 5.24 show the thermopower 5 as a function of teinperatun' for the 
two phosphorus doped a-Si;H films in SC, FQ and LS states. It is clear from these 
figures that S for the phosphorus doped a-Si:H films is negative thus showing that 
electrons are the majority charge carriers. 

5. 5.1. a Slow Cooled State 

Thermopower 5'(300A') in SC state is -1.08 ± OMmV/K and upon increasing the 
temperature the magnitude of S decreases. At ~ 490A . a kink is observed iii the S 
vs. 1/T curve. The slope Es below the kink temperature is 0.18 ± ().02( 1 an<l above 
the kink temperature it is 0.26 ± 0.02eV (Fig. 5.23) 

5.5.1. b Fast Quenched State 

Upon fast quenching from 450 A', these films show a decrease in luagnitudt' of S at 
300A. In the FQ state, S'(300A) is -0.98 ± OMmV/K and Es = 0.12 ± 0.n2cr. 
The S vs. 1/T curve obtained after FQ meets the corresponding curve in SC state 
at « 395A'. Above this temperature only single curve is obtained for the two states 
(Fig. 5.23). 

5.5.1. C Light Soaked State 

Light soaking of these P-doped films with heat filtered HI light for 2h at 300A' doe.s 
not lead to any change in cr or S. Similar to the log a vs, 1/T curve, the 5 vs. 1/T 
curve also remains intact upon LS. Fig. 5.23 shows that light soaking the films in FQ 
state also does not cause any change in u or 5 vs. l/T curve over the entire range of 


measurements. 
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Figure 5.23: Tlu ruiopower S vs. \/T for P-doped a-Si:H in SC, FQ and LS states. 
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Figure 5.24: Tliermopower S' vs. 1/T for P-doped BrShE m SC, FQ mid LS stat.-.s 
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Table 5.7: Thermopower S at 300K in SC, FQ and LS state for a-Si:H(P) and 
a-Si:H(Li). 


Sample 

Name 

Sit ate 

S(« 300A) 
mV K-^ 

Es 

eV 

eV 

Qo 

EsieY) 

[T > Te) 

a-Si:H:P #11 

SC 

-1.08 

0.18 

0.1 

s; 8 

0.25 


FQ 

-0.99 

0.12 

0.1 




LS 

-1.08 

0.18 

0.1 




FQ+LS 

-0.98 

0.12 

0.1 



a-Si:H:P #12 

SC 

-1.03 

0.17 

0.07 

fti 8 

0.25 


FQ 

-0.93 

0.14 

0.07 




LS 

-1.02 

0.17 

0.07 



a-Si:lI:Li 

SC 

-1.0 

0.14 

« 0 

« 5.8 


(high) 

FQ 

-0.90 

0.10 

« 0 

« 5.4 



LS 

-0.92 

0.02 

« 0.14 

« 10 



TheniJioi)uwer measnremt'nts for the P-doped a-Si:H filnas, with a slight difference 
in doping ('ouceutration.s. show the qualitatively similar behaviour (Fig. 5.24). For 
these fihiLs, .SCaDOA'} in SC state is -1.02±0.01mF/A and Es = 0.17±0.02ey below 
kink f.'iuper.ifiitv. These films also .show a decrease in magnitude of S(300K) and 
Es after FQ, whereas LS <loe.s not effect the thermopower in this case also. Table 5.7 
.suminariz«’.s the tht'rmt)p{iW('r results in SC, FQ and LS, and FQ+LS states. 

5.5.2 Lithium Doped a-Si:H Films 

Litliium dop«*d a-Si:H films show a negative sign for thermopower S. Fig. 5.25 shows 
the 5 v.s. 1/r plot for a heavily doped a-Si:H film in SC, FQ and LS states. 
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Figure 5.2S: Thennopower 5 vs. l/T for heavily doped a-Si:H{Li) in SC, FQ and L£ 
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5. 5. 2. a Slow Cooled State 

In SC state the S at 300A' is -1.0± O-OlmV/A' and the slope Es is 0.14 ± 0.02eF, 
which IS same as in SC state for these film. The magnitude of 5 decreases for 
these films when the temperature is increased. 

5.5, 2. b Fast Quenched State 

Upon FQ from 47()/i , a (lecrease in the magnitude of thennopower (S) is observed. 
5(300A') in FQ .state is -0.90 ± O.OlmU/A" and Es is 0.10 ± 0.02eF and is same as 
the eorre.sp<in(iing in pQ state for these films. This effect is similar to the one 
ob,serve<J for the rase of phosphorus doped a-Si.H films- 

5.5.2.C Light Soaked State 

Light soaking Li-«loped a-Si:H films causes a decrease in cr and also a decrease in 
magnitiuJe of S. AfUr 2 hours of LS from heat filtered HI white light, 5(300^") 
‘hange.s to -Q.92 i in LS state. A large decrease in Es is also seen in 

LS .state. It f lerrea.se, s from O.lOfl^ in SC state to 0 . 02 eU in LS state. The value of 
^.s' in LS .state is nnndi .snudler than corresponding Ev- Table 5.7 summarizes the 
th<'rmop<nver re.snlt.s in SC, FQ and LS states for hthinm doped films. 



Chapter 6 


Discussion 


In Chapter 5, we have presented our results showing that a-Si:H films exhibit both 
thermal and light induced metastabihties near room temperature when they are 
cooh'd rapi<Uy from a high tt'mptuature or exposed to strongly absorbing light. Fast 
(pienching (FQ) r<'sults in an enhanced conductivity near room temperature of P- 
doped a-Si:H (a-Si;H(P)), whereas, Light soaking (LS) causes a decrease in conduc- 
tivity {cr and ct^a) nudoped a-Si:H. The metastable states so obtained are reversible 
and can be annealed at high temperattires. The high temperature state of the film is 
insensitive to the hi.story of the sample and a-Si:H films seem to be in thermal equi- 
librium at tlw'se t<‘mp<'ratures. Further, we have seen that the metastable states relax 
.slowly and relaxation obt‘ys a stretched exponential with a thermally activated relax- 
ation time. These observations are similar to those reported by several other workers 
in the field [15,16]. In a<ldition to the commonly studied undoped and P-doped a- 
Si:H, we have also studied the effect of thermal and Kght induced metastabihties 
on electrical prop<‘rti<‘.s of a-Si:H films doped with hthium (a-Si:H(Li)) to see if the 
metastable effects are similar in substittitionaUy doped (P-doped) [6] and intersti- 
tiahy doped [49] (Li-doped) a-Si:H. We observe that a-Si:H(Li) films exhibit effect of 
both fast quenching as well as fight soaking on electrical properties and bear a close 
resemblance to a-Si:H(P). 
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The measurements of thermopower (S) and condurtivitj (cr) pro\i(i( more in- 
sight into the conduction mechanism (Chapter 2). These measuK'inents sej)arate the 
effects on transport properties arising from a shift in position of Ft'rini h'^el by ex- 
ternal agencies, e.g., doping from those due to the inhomogeneities such a density 
fluctuations and a random distribution of charged centers [52]. We have measured 
thermopower of P-and Li doped a-Si:H in the annealed and slow cooh'd (SC), fast 
quenched (FQ) and hght soaked (LS) states. The thermopower measurf'inents in SC 
state are in qualitative agreement with the literature [52]. 

In the following, we try to understand the thermal and light induced met ast abil- 
ities in a-Si:H in the hght of existing models. We make an att(’ni|)t t<j answi’r some of 
the interesting questions, e.g., whether the thermal induct'd metastabihfy and Hght 
induced metastabihty have a common origin. Although both of these art* stu<Iie<i in 
detail as summarized in Chapter 3, a clear picture is yet to emerge as to whether 
these effects are related to the creation of new (defect) states or a change in struc- 
ture is also involved. The measurement of thermopower in tin* metastable stattw may 
help us understand, whether these metastabihties only affect the electronic structure 
(occupancy of density of states) of a-Si;H films or cause a change in atomi<- sf rmiure 
also (spatial variation of distribution of atoms). We are able to separat<* the effect 
due to the movement of the Fermi level from those arising from the changt* in the 
potential fluctuations. The anneaHng kinetics of the two meta.stable state.s has also 
been studied and compared. 

Another interesting question is whether the sxibstitutional doping by phosphorus 
during deposition [6] and interstitial doping by Hthium after deposition [49] afft'ct the 
properties of the a-Si:H films in a similax fashion and whether a common model can 
be used to explain the observed metastable behavior for the two ty’^pes of doping. It 
is worth noting here that the Hthium acts as an interstitial donor in a-Si:H films [49] 
and a similar correlation exists between the defect density and Fermi level position 
for P doped and Li doped a-Si;H films [149], 
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6.1 Metastabilities in Undoped and P-doped 
a-Si:H (Comparison with literature) 

As (lest ribed iix Chapter o, we have studied the thermal and light induced metasta- 
bihties in undoped and P-doped a-Si:H. Here we discuss our results in the Hght of 
the existing mothds for comparison with the hterature. 

6.1.1 Undoped a-Si:H 

Fast (pienching the nndoped films from high temperatures (200 - 225®^) does not 
show any significant <>ffect on the a of these films (Figs. 5.2, 5.3). However, a small 
de('r<‘<i.se in rtph i.s ob.served for all the films, independent of preparation conditions 
(Table 5.1). A decrease in (Tp/^ suggests an increase in defect density (Sil), however, 
tin* chauge.s sluudd be vt'ry .small, as no measurable change in position of the Ef is 
ob.served. Similar decr«’as(* in has also been observed by McMahon and Tsu [41]. 
The incr(‘ase in def(*ct density might be caused by the breaking of weak Si-Si bonds 
at high tempeiatun*. which gett.s frozen-in when a-Si:H is subjected to fast quenching 
[126]. At high t<'Ulpcrafllrt•.^, the hydrogen in a-Si:H moves and separates these newly 
<rr<'ated dangling bonds. When fast quenched, the structure cannot equifibrate with 
th<! cooling rate and a new structure with a higher defect density is frozen-in. The 
sub-gap absorption [40], SCLC [119] and ESR [129] also show an increase in defect 
density after fast (pieuching a-Si:H. 

Tin* decrefistt in dark and photo conductivity {a and <Tph) of undoped a-Si:H 
films up(m light soaking is shown in Fig. 5.2, 5.3 and Table 5.1 The effect is in 
agretmient with the residts in literature [15] and can be explained by both weak- 
bond br(‘aking [26] and charge trapping [28] models. As we have discussed in Section 
3.1.1, both these models predict an increase in density of danghng bonds (Fi^) upon 
light soaking. These act as trapping centers for the carriers and decrease the 
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(T and aph of a-Si:H. Since these dangling bonds are located below Fermi level, an 
increase in their density causes the downward shift of the Ferrni level, i.e., a higher 
Eai in agreement with the present observations. At low temperatures (near 300K), 
the thermal energy is lower than the energy needed to surmount the barrier between 
the metastable state and equihbrium state mid the changes in electronic properties 
seem to be permanent. 

6.1.2 P-doped a-Si:H 

As shown in Figs 5.4 and 5.5, fast quenching results in an increase in (x of P-doped 
a-Si:H near room temperature. These results are similar to those reported in litera- 
ture [16,51]. An increase in cr could be due to an increase in free carrier density or 
drift mobility. However, no measurable change in drift mobility is reported after fast 
quenching the a-Si:H(P) films [51]. This impHes that the observed increase in a is 
due to an increase in the density of free carriers. As has been discussed in Section 
3.2.1, for a-Si:H(P), in thermal equilibrium 

nit=P^^-Si; (6.1) 

where na, and denote band tail carriers, ionized phosphorus donors and a 
negatively charged sihcon danghng bond respectively. The a of these films is related 

"t/O 3<S 

<T = nite fid ( 6 . 2 ) 

Thus an increase in cr should be seen as an increase in nn upon fast quenching. The 
reported results in hterature show an increase in nj( as measured by charge sweep-out 
technique [16] and ESR [16,43] after fast quenching. Also, no measurable change in 
defect density has been reported so far suggesting an increase in donor density in the 
FQ state [44,82]. It appears that at high temperature, conversion of dopant atoms 
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from 3-fold coordination to 4-fold coordination takes place. This conversion might 
be associated with the movement of hydrogen at elevated temperatures. When fast 
quenched, a new structure corresponding to high temperature is frozen-in. Since the 
new state is characterized by a higher free carrier density, the Fermi level moves up 
towards the conduction band edge and a lower activation energy is observed. 

The thermal equilibrium prevails for T > Te and thus the uj* (and cr) is deter- 
mined by the density of donors and danghng bonds. The Fermi level now Hes in the 
minimum of the density of states (DOS) (see Fig. 3.3) and is nearly independent of 
temperature, cr is independent of coohng rate for T > Te and is only determined by 
the thermal equihbrium between donors and defect states [82]. 

There axe a few reports in hterature, which show a decrease in a of a-Si:H(P) 
films upon light soaking but the effect is small and decreases as the doping concen- 
tration increases [15]. Dark conductivity (cr ) of our a-Si:H(P) films does not change 
upon hght soaking. It is beHeved that in the heavily doped films, the densities of 
photoinduced defects are too small to overcome the pinning of the Fermi level by the 
significantly larger densities of donors and defect states [150]. Also, the photoinduced 
brc'aking of weak Si-Si bonds may cause an increase in the density of charged donors 
(P/) and danghng bonds {Si^) [43]. Since hes above Ef and Si^ is below Ef, a 
simultaneous increase of both wiU result in a very small shift in the position of the 
Fermi level and hence cause a small or neghgible change in electrical properties. The 
neghgible difference between cr and (Tph, of these films also supports the presence of a 
high density of donors and defects in our P doped a-Si;H films. 


6.1.2.a Isothermal Relaxation 

We have seen in Section 5.3.3, that the metastable state introduced by fast quench- 
ing a-Si:H films relaxes slowly following a stretched exponential (Eq. (3.8)) and a 
thermally activated relaxation time (Eq. 3.5)). The slow non-exponential relaxation 
of metastable state is similar to that observed in many glasses [29]. This can be 
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explained by the Hydrogen Glass model assuming that the a-Si;Hbehaves as hydro- 
gen glass [16] and the dispersive nature of hydrogen diffusion constant {Dh c*. 
is responsible for the observed stretched exponential time dependence. The disper- 
sive nature is due to the random walk of hydrogen atoms through an exponential 
distribution exp {—jB/ A: To} of trapping sites. 

As is evident from Fig. (5.15), the activation energy Er for relaxation from FQ 
state is Ri 1.0 ± 0.2eV. This value of Er is similar to the diffusion activation energy 
(Edh) of hydrogen in P-doped films (Edh ^ 1.2 - l.SeV) [30] and thus supports 
Hydrogen Glass model (Sec.3.4) to be valid in this case. Kalcalios et al. [82] also 
obtained a similar value of Er{0.95eV) by measuring the decay of excess charge 
carriers in the band tail states using charge sweep out technique- for a-Si:H(P)affer 
fast quenching [118]. It is, further, to be noted that the parameter li iucrriast-s with 
temperature (Fig. 5.7) as expected in the Hydrogen Glass model. 

The stretched exponential behaviour and a thermally activated r can also be 
explained if defects are itself responsible for the metastabihties and thermal equi- 
hbration as suggested by Crandall [131]. However, we prefer the Hydrogen Glass 
model 3.4 as time dependence of Du has been experimentally observed. 

In summary, our results on undoped and P-doped a-Si:H are in agreement with 
the pubhshed work and can be explained as done in hterature. 

6.2 Metastabilities in Li-doped a-Si:H (Similarity 
with P-doped a-Si:H) 

We have seen in Chapter 5 that a of our Li doped a-Si:H films increases with in- 
creasing Li concentration. Furthermore, these films show both thermal and light 
mduced metastabilities, when cooled rapidly from high temperatures (« 470iir) or 
light soaked at room temperature (« SOOJT). The FQ and LS states are reversible 
and annealing at « 450 - mK results in the original equilibrium state. These 
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results axe in qualitative agreement with literature for a-Si:H(P). In the following, 
we will see further similarities between P and Li in a-Si:H and try to explain these 
metastabihties in Li-doped a-Si:H. 

As is evident from our a{T) measurements (Figs. 5.9 and 5.10) on a-Si:H(Li) 
films (Chapter 5), the a of these films increases when fast quenched from high tem- 
peratures. The increase in <7 is accompanied by a decrease in activation energy {Ea). 
The sub gap absorption measurements on these films do not show any change after 
fast quenching thus ruling out the possibiHty of any significant change in density of 
danghng bonds [151]. It is expected that the observed changes in cr and are due to 
the changes in the occupancy of states above Fermi level. Our Li doped a-Si:H films 
behave in a qualitatively similar manner to P-doped a-Si:H, when subjected to fast 
quenching from high temperature and cr{T) curve in the fast quenched state meets 
the equihbrium curve at elevated temperature Tg. For T >Te, cr{T) is independent 
of the history of the material. Tg is found to vary with concentration of Li in a-Si:H 
films from 170°C7 for films with low Li concentrations to 120‘’C7 for high concentra- 
tions of Li. The thermal induced metastabihty in these films may be explained in a 
maimer similar to that used for a-Si:H(P). The thermal equilibrium model (Sections 
3.2.1, 3.4) predicts that the density of occupied band tail states wiU be given as 

n/,( = Li* — (6-3) 

Upon fast quenching, the density of active interstitial lithium {Li*) wiU increase, 
which donates electrons to the conduction band tail. The extra charge in the band 
tail thus causes the Ej to move up into the band tail region towards the conduction 
band edge and the state is characterized by a lower activation energy. Above Te, 
thermal equilibrium prevails and the cr(T) is independent of the history of the film. 

The metastable state after FQ relax following a stretched exponential (see Figs. 
5.14, 5.15). The.se ob.servations are .similar to a-Si:H(P) and many other glass [29]. 
Becau.se of the similarity, we can think of a-Si:H(Li) as a Hydrogen Glass, as has 
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already been proposed for a-Si:H(P) [30]. The properties of a-Si:H below Tp: depend 
upon the rate of cooling from T > Te- Te in this case is eqtiivalt'iit to the glass 
transition temperature, where the properties of glass (Hke sperifir volume) deptuid 
upon the rate of coohng near Tg [29] . An analogy with the glass can further l)e seen in 
Fig. 5.11, where the quenching from dilferent temperature {Tg) results in a different 
conducting state near room temperature. Since Tg is not unique, the quenching from 
higher temperature is equivalent to higher coohng rates and thus results in to a larger 
room temperature conductivity. However, not much difference is observed in as 
Tg is increased any further. This may be due to the fact that Ej has to move in to 
an exponentially rising density of states region and hence large changes are observed 
initially. Further increase in Tg causes relative, smaller changes. 

Light soaking results in a low’^er dark and photoconductivity {se(‘ Figs. 5.9 and 

5.10; Table 5.1) of hthium doped a-Si:H films. The effect is large for th<' films with 

low Li concentrations. For low doped a-Si:H(Li), LS causes a decrease in n-(300A') 

by about « 3 orders of magnitude, whereas, for high Li concentrations. (7(300 A') 

decreases to half of its value in the slow cooled state (these results are in a nearly 

saturated state). These results are in qualitative agreement with those reported for a- 

P 

Si:H(P) [15] and can be explained using similar arguments as proposed for a-Si:H(Mf^ 
films. For low doped a-Si:H(Li)films, the density of states in slow cooked state is 
2.5 X 10^’^cm”^ and is not too high. Thus a large effect of LS is seen on <t and 
(Tp^i. In the heavily doped films, the density of photocreated defects is too small to 
overcome the pinning of the Fermi level by the significantly larger density of donors 
and defect states [152] and a smaller effect of LS is observed on cr and (Tp*. The small 
difference between cr and Cpp, for heavily doped a-Si:H(Li) also predicts a larger defect 
density in these films. 

From Fig.5.13 and Table 5.4, it is clear that the <7 in the light soaked state 
depends upon the initial state of the films. The conductivity <t after light soaking in 
the initial slow cooled state of the samples is different than that for the initial fast 
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quenched state. For short exposures, the relative changes in cr are similar, irrespective 
of the initial state, although, the final state is different. These results are consistent 
with the proposition that thermal and Kght induced metastabilities are independent 
of each other [45]. 

An increase in density of states after LS is observed for a-Si:H(Li) also [151]. The 
similarity with a-Si:H(P) suggests a simultaneous increase in donor and defect density 
upon fight soaldng a-Si:H(Li) [43]. As the intensity or duration of fight exposure is 
increased, more wealc Si-Si bonds break, resulting in a rapid increase in donor and 
defect density in the beginning and a lower value of cr and a.ph. is observed (see Fig. 
5.12 ). However, saturation sets in for long exposures and high intensities as the 
defect density becomes very high and the Fermi level is pinned. 

6.2.1 Isothermal Relaxation 

The fast quenched and the fight soaked metastable states relax slowly (Figs. 5.14, 
5.15, 5.18 and 5.19) following a stretched exponential (Eq. 3.8) and a thermally 
activated relaxation time r (Eq. 3.5), as shown in Figs. (5.16) and (5.20). 

Now, we will discuss how the temperature dependence of the parameters r and 
in the LS and FQ states can be explained by Hydrogen Glass model (Section 3.4). 

6. 2.1. a Temperature dependence of r 

We observe that the relaxation time r depends upon the Li concentration in a-Si:H 
films and the metastable state. In the following, we discuss, how r varies with 
temperature and also with doping concentrations. 

Relaxation from fast quenched (FQ) state 

It is clear from Fig. 5.16 that Br for relaxation from FQ state for the two lithium 
ronccntrations is nearly the same (0.6 ± O.leF for high and 0.95 ± 0.2e7 for low Li) 
as that for a-Si:H(P) (1.0±0.2eF). Furthermore, r decreases with increasing lithium 
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concentrations. Similar doping dependence of r is reported for ilic relaxation of FQ 
state in P-doped a-Si:H [122]. Tliese results can be ex])lained by Hydrog('n Glass 
model 3.4, if Dh is tliermaUy activated in lithium doped a-Si:H also (for P-doped 
and undoped a-Si:H the activation energy of Dfj is « 1.2 — 1.5f I ) and is higher for 
higher hthium concentrations (Dh oc 1/r) [153]. Since no results on measur<>m('nts 
of Dff on Li doped a-Si:H are available, we can not be sure of this hypothesis, at 
present. However, since Du has been measured on P-doped films and has been 
found to increase with increasing doping concentrations, a similar behavioui may be 
expected for Li-doped films also. 

Relaxation from light soaked (LS) state 

As is evident from Fig. 5.20, the relaxation time r for fight soaked stat(‘ in lithium 
doped films is also thermally activated. The activation energy Er for the two con- 
centrations of lithium are nearly the same within the error limits (1.45 ± 0.2^1’ fol- 
low and 2.0 ± 0.3eV for high concentrations of Li). A thermally activated relaxation 
has also been observed for relaxation of undoped a-Si:H from LS state. Ftirther. 
r is more for film s with lower concentration of Li. Thus, it is possible to explain 
the doping dependence of r in terms of Hydrogen Glass model, as in the FQ state. 
However, since the measured value of Er and r are different for FQ and LS states, 
the hydrogen diffusion parameters have to be different for the two cases. We shall 
discuss this point later when we compare the relaxation of LS and FQ states. 

Relaxation from FQ -p LS state 

We have seen in Fig. 5.22, that although the a-(T) in the FQ -I- LS state is similar 
to that in SC state for a heavily doped a-Si;H(Li), at 340K, a decreases with time. 
This is consistent with the proposition that thermal and fight induced states axe 
independent of each other, and since LS state relaxes slowly as compared to the FQ 
state, a decrease in <r is observed when measured as a function of time. 
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Figure 6.1: Stretching parameter as a function of measurement temperature for 
relaxation from FQ and LS states. 
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6.2.1.b Temperature dependence of fi 

For relaxation from FQ state, is found to increase with teinpeuature for Li doped 
a-Si;H (Fig. 5.17). The behaviour is consistent with the reported results for P-doi)ed 
a-Si:H. However, for relaxation from LS state in hthinm doped films, li is nearly 
independent of temperature in the measurement temperature range (Fig. 5.21 ). For 
low lithium concentration, /? « 1, whereas, for high Li concentration, l3 as 0.6. A 
decrease in is also observed at ~ 430 A' for low concentrations, which is different 
from the commonly observed trend increasing with temi)eratTire) and thf‘ origin 
of this is not clear at present. 

It seems difficult to fit these values to /? = T/T), for individual sample as expected 
from Hydrogen Glass model [30]. We note that our temperature range is limit<'d and 
the number of data points for each case is rather small, therefore it is not clear at 
present whether the disagreement noted above are significant. How('ver. if we plot 
0vsT for all the relaxations, as shown in Fig. 6.1, we find a reasonably gtJod fit 
/3 = T/3^with To = 500 A . This value of Tq is close to the reporte^d value (600A’) for 
a-Si:H(Li) [30], 

Thus, we conclude that the metastabihties in Li-doped a-Si:H are similar to those 
observed in P-doped a-Si:H. 


6.3 Thermopower Measurements in Annealed 
and Metastable States 

As discussed in the Chapter 2, for electron in the conduction band, conductivity <7 
and thermopower axe given as: 

a = a, exp = o-fexp (-^) (6,4) 

and 



It is observed that both log<r vs. l/T and S vs. 1/T in general, exhibit a kink 
and often their slopes (Ea and Es) are not equal. We have discussed in chapter 2 
that the nonlinear statistical shift of Fermi level can explain the kink. The difference 
between E„ and Es may arise [69] if 

1. electrons and holes, both contribute to the conduction, 

2. mobility edges are not sharp, 

3. mobility is thermally activated or 

4. potential fluctuations are present in the material [52]. 

However, the presence of potential fluctuations due to density fluctuations, growth 
inhomogeneities or charge centers is the more hkely reason for the observed difference 
between En and Es (see Section 2.3). A function Q defined as 

Q = lna + ^ (6-6) 

is ind(’pendent of Fermi level and thus separates the effects on transport properties 
arising due to the statistical shift of Fermi level from those due to the structural 
disorder giving rise to potential fluctuations. Absence of any kink in Q{T) is a 
signature of the nonlinear shift of the Fermi level and a non-zero slope Eq of Q{T), 
wlntre 

a = o»-§ 

is attributed to the presence of potential fluctuations. Overhof and Beyer [72] showed 
that the slope Eq is related to the width A of potential fluctuations arising due to the 
random distribtition of charge centers in a-Si:H. In the following, we will discuss our 
results on theriuopower in annealed and slow cooled state as well as m metastable 
states for P-doped and Li doped a-Si:H. Thermopower in undoped a-Si:H could not 
be m<‘asure<l because of th(>ir high resistance. 
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6.3.1 P-doped a-Si:H 

Results on thermopower measurements in SC, FQ and LS statt's are disnissed in this 
section. 


6. 3.1. a Slow Cooled State 

Results on thermopower measurements on two P-doped a-Si:H films for 250A" < T < 
400Ar are shown in Figs. (5.23) and (5.24). It is evident, from these figures that the 
two films are qualitatively similar. We will discuss only one of them in the following. 

In the slow cooled (SC) state, near room temperatiire the magnittule of S is 
1.08 ifc O.OlmF/A' and the slope Es is 0.18 ± O.OlcT^. These* values are in good 
agreement with those reported by Beyer et al [52]. From these figure's, it is apparent 
that hke logo- vs. 1/T curves (Fig. 5.4 and 5.5), S v.s. l/T curve's also show a 
kink near 400A’. Above the kink temperature, the value of both ( 0.34c 1') and 
A5(0.26eF) are higher than the respective values at low temperature. It i.s also 
apparent that Es is lower than E^ for low as well as in the high temperature range. 


FoUowing Overhof and Beyer [72], we plotted the function Q defined by Eq.(6.6) 
as a function of inverse temperature in Figs. (6.2 and 6.3). It is evident that, Q vs. 

does not have any kink and has a single slope in the measurement tfuuptTature 
range (300 <T < 450K). This may imply that the kink is due to the non linear .shift 
of the Fermi level. This non Hnear shift may arise as the density of state distribution 
is not symmetric above and below the Fermi level in a-Si:H (see for e.g., Fig. 3.3). 

Now we turn our attention to the difference in the slopes of a{T) and S(T). 
As expected from the expression for a and S (Eqs. (6.4) and (6.5)), Ea and Es 
should have the same value, i.e., E^ = Es — Ec — Ef. However, we find that, for 
both the samples E^ > Es- As discussed in the Chapter 2, the presence of the long 
range potential fluctuations are the most likely cause for our experimental results. 
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Figure 6.2: Q vs. 1/T for a-Si:H(P) in SC, FQ and LS states. 
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Several other experimental results are also in favour of the potential fluctuations as 
the underlying reason for the observed difference between and Es in these films. 
We observe a slope of Eq ~ 0.07 ± 0.026^ P doped a-Si:H films, which is similar to 
the values observed by Beyer et al. (0.05 < Eq < 0.2061^) [52]. 

6.3.1.b Fast Quenched State 

Upon fast quenching these films from 450iir at a rate of 500K/min., we observe 
a decrease in magnitude of S (see Fig. 5.23 and 5.24). The value S at SOOiT in this 
state is —0.98 ± O.OlmV/K (see Table 5.7 also). A decrease in Es is also observed 
after FQ, which changes to 0.12 ± O.OleV. We have earher pointed out (Sec. 6.1.2), 
that quenching results in an increase in cr accompanied by a smaller activation energy 
Fff (Figs. 5.4 and 5.5), i.e., Ef moves upward towards Ec- Smaller values of S and 
Es iu FQ state are also consistent with this. In the fast quenched state, S vs 1/T 
curve has a downward kink at T ~ 360iv and meets the corresponding curve in the 
.slow cooled state at ~ 395A' (Figs. 5.23 and 5.24). Above 395A’’, the S vs l/T is 
same in both fast quenched and slow cooled state. This is somewhat smaller than 
Tp:{4:2bK) observed in cr{T) curves. We discuss this point later in this section. 

It is interesting to note here that although quenching changes both E^ and Es, 
the difference E„ - Es is the same as in case of slow coohng, for all the samples. 
Further, a plot of Q vs 1/T in Fig. 6.2 and 6.3 shows that the function Q is almost 
unchanged after fast quenching these P-doped films. It may, therefore, imply that 
fast quenching does not change the potential fluctuations. Reported experimental 
results suggest that the fast quenching results in an increased number of band tail 
carriers nn (and cr) without any measurable change in density of states distribution 
below Fermi level [82,45]. However, a very small change in the density of upon fast 
(pienching may account for the observed metastabihty, as shown below. In thermal 
equilibrium, rikuP^ and Si^ are related by Eq.(6.1). It is reported that ritt < P^ 
and (according to the doping model, each ionized dopant give rise to a charged 
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dangling bond in the gap). Thtis a commonly observed 2-fold increase in n ox i>i,f 
after fast quenching is due to less than 10% increase in density of . Sinc(' 
increases, it may appear that potential fluctuations also increase in the fast quenched 
state, however, the increase in P/ is too small to change the potential fliictuations 
significantly. ( since A oc Eq. (2.25), where Nc is tlu' concentration of 

charge centers, i. e. , P^ and and n/ is free carrier density). Th(' effect of these 
additional charge centers will further be screened by an increased density of free 
carriers in the fast quenched state. For a 2-fold increase in rij and a 10/( increase in 
Nc, A{FQ) fs 0.85A(5C). Thus, the net effect of fast qiienching is simply a shift of 
Fermi level without any detectable change in potential fluctuations. 

If we look at S{T) and a{T) curves more carefully, we find tliat in th(' fast 
quenched state, S(T) curve meets the corresponding curv(' in tlu> slow coole<i stat<' 
at a lower temperature (ss 395A) as compared to the ct{T} curve where* Tj, is s: 
425A. The reason for this may be that S(T) measurements tak<‘ a long(*r time 
and the metastable state, which is a function of both temperatur<' and time relaxt‘s 
during measurements. If the relaxation is taken in to account, (jbserved Es will 
be smaller than the true value, i.e. , relaxation will result in a larg«>r differ<*uce 
between E„. and Es- Since the observed value of A does not change, it may be 
concluded that quenching does not change the potential fluctuation,s, notwithstanding 
the uncertainty in the experimental procedure, as described above. 

6.3.1.C Light Soaked State 


No effect of hght soaking on S(T) is observed in our P-doped a-Si:H films. These films 
do not show any change in a(T) also, when exposed to light (Table 5.1). It is often 
seen that the eflFect of light soaking is small in heavily doped films, but a-Si:H films 
with low doping concentrations have been reported to show an appreciable change 
on electrical properties. For low doped films, fight soaking causes a decrease in a 
accompanied by an increase in E„ and density of states below Bf. HauscMldt ei d. 
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[154] have reported an increase in magnitude of S and its slope Es upon light soaking 
the low P-doped films. The increase in and Es is such that the difference E^ — Es 
also increases from 0.09eV in slow cooled state to 0.21eV' in Kght soaked state. These 
changes in Ea- and Eq after light soaking are in opposite direction to that observed 
as a result of increasing doping concentration. This clearly shows that the increase 
in Eq upon illumination is not due to the shift of Fermi level, but due to a change 
in current path. Hauschildt et al. [154] argued that a homogeneous distribution of 
charge centers cannot account for such a large change in Eq after exposure to hght. 
However, the inhomogeneous distribution of charge centers, which may arise due to 
the structural inhomogeneities in these films [33,34], can give rise to large potential 
fluctuations. It is reported that hydrogen is distributed non-uniformly in a-Si:H, in 
a dilute monohydride phase and a clustered hydride phase [33]. The variation in 
hydrogen concentration may cause a spatial variation of the gap energy, which will 
give rise to fluctuating mobiHty edges [35]. This variation in gap energy in space may 
result in some preferential sites for creation and recombination of photogenerated 
carriers, which in turn may increase the heterogeneities in the material. Hence an 
enhancement in the magnittide of the potential fluctuations is observed. 

It is further observed that when Hght is shone on these films in fast quenched 
state (higher conducting state), cr(T) and S{T) do not change. The main reason of 
it coidd be that although in the fast quenched state, conductivity is higher due to 
high free carrier concentration, the DOS does not show any observable change in FQ 
state, when measured by ICTS [45,44] and subgap absorption [82]. Since the DOS in 
this case is similar to that in the slow cooled state and is high enough, Hght soaking 
has no (‘ffect and the results can be explained easily as in case of Hght soaking in the 
slow cooled state. 
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6.3.2.C Light Soaked State 

Upon light soaking, lithium doped films show a change in both a and S. It is ob- 
served that both the magnitude of S and jE.v decrease in the fight soaked state. An 
appreciable change in Q vs. l/T is also observed and Kq is now 0.14 ± n.02cV as 
compared to the 0.0 ± 0.026^ in the SC and FQ states. The increase in Eq im- 
plies that the potential fluctuations have increased in these films as a consecpience 
of fight soaking. As suggested by Stutzmann [43] for P-doping. in a-Si:H(Li)also, 
fight may result in an enhanced dopant and defect density with smaller free carri('r 
density, which increases the potential fluctuations. The incrc’ase in dopant and de- 
fect concentrations will cause a small shift in Fermi level, which is indet'd observed 
(Ec changes from 0.14eU to O.lSeU, see Fig. 5.10). We have mentioned whifi' dis- 
cussing the fight soaking in P-doped films that a-Si:H films grow inhomogeneously 
with varying hydrogen concentration. Thes(' growth inhomogeneities give rise to the 
large fluctuations of mobility edges, wlxich arc further eirhanced aft<'r fight exposure. 
In Li doped a-Si:H films, in addition to hydrogen, lithium is also pn'sent. SIMS 
studies show that lithium is not uniformly distribnt<>d and is more on the surface and 
interface. The presence of active lithium will add to the density of charged centers. 

Since FQ and LS metastable states relax with time for T < Tj.; at each temper- 
ature, one may enquire the effect of relaxation on S and Eg. The ob.served Es may 
be different from the actual Es because the sample in FQ or LS state relaxes at each 
temperature at a different rate. We note however, that the actual £<; can only be 
higher than the measured Es in the FQ or LS metastable state, sincf? the relaxation 
is faster at high temperature. Since Eg ~ Ec — Es is a measure of potential fluctua- 
tions, the measured Eg is the upper limit of the potential fluctuations. In FQ state, 
Eg — 0, for a-Si:H(Li), and there is no room to decrease it any further. Therefore, 
the measured Eg is very close to the actual value. In LS state, relaxation is slower 
than the FQ state, hence, the measured Eg should even be closer to the actual value 
as compared to the FQ state. 
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These discussions show that our a and S results can be explained by assuming 
the presence of long range potential fluctuations. Further, we see that the FQ does 
not change the magnitude of the potential fluctuations in a-Si:H, whereas, LS increase 
their magnitude. 


6.4 Comparison of Thermal and Light Induced 
Metastable States 

So far we have discussed the thermal and hght induced metastabdities in undoped, 
P-doped and Li-doped a-Si;H. The two metastable effects seems to be different as the 
change in a in case of FQ is in the reverse direction to that in case of LS state. We 
have seen in the above discussion that there are differences in other properties also. 
However, there are certain similarities between the two effects. In the following, we 
discuss, these similarities and differences and the effect of fast quenching and hght 
soaking on the structure of Li doped a-Si:H. 

These discussions show that our a and 5 results can be explained by assuming 
the presence of long range potentiad fluctuations. Further, we see that the FQ does 
not change the magnitude of the potential fluctuations in a-Si:H, whereas, LS increase 
their magnitude. 

6.4.1 Similarities between FQ and LS states 

It is interesting to note that the In a vs. IjT in the SC, FQ and LS states meet at 
the common temperature Tg (Figs, 5.9, 5.10, which is a characteristic of the sample. 
It, therefore, appears that the two metastable states (FQ and LS states) have a 
common origin. Further, both of these relax following a stretched exponential (Figs, 
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5.14, 5.15, 5.18 and 5.19), which can be related to the diffusion of hydrogen in a- 
Si:H. The common Te and the stretched exponential relaxation may sugg(\st that a 
common microscopic mechanism may be operative in both the easels. 

6.4-2 Differences Between FQ and LS States 

In spite of a common equilibration temperature Te for the FQ and LS states, there are 
several differences between the two metastable states. We discuss, these differences 
in the following sections. 

6.4.2.a Er for relaxation from FQ and LS states 

Figs. 6.5 and 6.5 show the logr vs. 1/T curves for the rerovcTy from FQ and LS 
states for the two lithium doped a“Si:H films. For both do|>ing concentrations, the 
LS state relaxes slower than the FQ state. Let us first see, if Hydrogen Glass mcxlel 
can explain the difference. It is proposed [129] that the time dependence of D/i is 
related to the shape of valence band tail distribution. If it is true, then one expcTts 
a faster relaxation of LS state, as light soaking causes an inert^ase^ in disorder and 
thus a higher slope of valence band tail state. This is in contrary to the experimental 
observations. Since relaxation time r is thought to be inversely proportional to 
the hydrogen diffusion constant [155], the different annealing rates for FQ and LS 
suggest that is different in FQ and LS states. It has been reported [47] that 
for P-doped a-»Si:H films also, relaxation times are longer for LS state, Deng and 
Fritzsche [156] also reported that when doped a*-Si:H films are fast quenched after a 
short light exposure at high temperature, the metastable state so obtained is different 
with higher equihbration temperature than the one observed without KgLt exposure. 
It is suggested that light causes the formation of donor- defect complexes, which 
are difficult to anneal [156]. Various transport and density of states measurements 
suggest that light soaking results in an increase in both, the density of donors above 
Ef and density of danghng bond below Ef, with a decrease in density of free carriers, 









Figure 6.6: logr vs. \jT for relaxation from 
a-Si:H(Li). 



and LS states for heavily doped 
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while FQ increase the density of donors and free carriers above Ef without changing 
the density of danghng bonds. A difference in the density of states in case of FQ 
and LS suggests that the two states are not similar and thus may anneal at different 
rates. These results, therefore can be explained by the movement of hydrogen, if Du 
is more in FQ than in LS state. 

We find that Et is nearly the same for different Li concentrations. This is 
understandable since SIMS results also show that Edh is independent of dopant and 
doping concentrations. However, Er values are different for relaxation from FQ and 
LS states. For FQ states, the Et is lower ( 0.6±0.1ey cind 0.95±0.2eT^) as compared 
to LS state (1.4 ± 0.261^ and 2.0 ± 0.3eF). Although a range of activation energies 
(0.6 < Er < 2.0ey) are reported [131] for different samples, for a given sample, 
Hydrogen Glass model predicts the same value of Er for LS and FQ states, since all 
the metastable defects arise from a single pool of hydrogen, controUing the recovery 
kinetics. For differently prepared samples, variation in Er may be related to the 
distribution of H bonding energies, defect formation energies and valence band tail 
states [129]. Thus in Hydrogen Glass model it appears difficidt to understand the 
different Er for FQ and LS states. 

So far we have tried to apply only Hydrogen Glass model (Sec. 3.4) to ex- 
plain OTir resTilts. Another model called Defect Controlled Relaxation (DCR) model 
(Sec. 3.5.2) has been proposed by Crandall [131]. We now discuss how this model 
can also be used to explain our results. The model (Sec. 3.5.2) assumes that the 
relaxation of metastable state is governed by the defects itself. The annealed and 
metastable states are separated by potential barriers. The stretched exponential, 
in this model, arises from an exponential distribution of barrier energies due to the 
structural disorder in amorphous material. 

The diffenmce in Er for FQ and LS states can be explained using DCR model 
(Sec. 3.5.2) [131]. If the slow cooled state and metastable state are separated by 
a barrier as recpiired in DCR model, different metastable states (.an be ^lenoted by 
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different barrier energies and thus may have different Et- A distribution in annc^aling 
energies has also been suggested by Gleskova e.t al. [157]. These authors [157] 
have observed that the metastable defects in a-Si:H anneal with different Er, when 
annealing is done in dark or under illumination. The Et is 1.5G ± 0.2c V' for recovery 
in dark, which changes to 0.91 ± 0.2ey under illumination. 

Although, the two models are quite different physically, they both predict sim- 
ilar resTilts, v^.both predict the stretched exponential and a thermally activated 
relaxation time. The reason for this may be that the disorder in a-Si:H is the main 
determinant of the form of relaxation in each model [131]. Although Crandall has 
suggested ways to distinguish between them, it is difficult to say wliich model is 
preferable in our case. 

6.4. 2. b The Meyer-Neldel Relation : Relation between v and Er 

It is interesting to note that u and Er for our samples obey a Meyer-Neldel (M-N) 
type relationship [158], in agreement with the published work [130,131]. Fig. 6.7 
shows the Inz/ vs. Et plot for doped and undoped a-Si:H in various metastable states 
as compiled by Crandall [131] from the Hterature. Also, shown are our results for 
relaxation from FQ and LS states for P-doped and Li-doped a-Si:H. As is evident 
from the Fig. 6.7, our results agree with the published work, and follow 

V = vq exp(F'^/FJo) 

Jackson [130] has suggested a connection between the M-N relation and multiple 
trapping transport of hydrogen. The M-N relation between v and Er is due to the 
dispersive diffusion of hydrogen in a-Si;H [130]. It is further shown [130] that the 
parameters Vo and Eg can be related to the energy distribution of trapping sites and 
microscopic transport properties. 
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Figure 6.7: log v vs. Er for relaxation from metastable states (after Crandall), 
denotes our data. 
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On the other hand, Crandall [131] has considered the defect controlled model 
(Section 3.5.2) with a distribution of barrier energies and shown that the model 
predicts M-N relation between u and E^. 

Although the M-N relationship is observed by other thermally activated pro- 
cesses (see Section 6.4. 2. e), its origin is not very clear. These results seem to reflect 
disorder in a-Si;H as the underlying cause for this relationship [131]. 

6.4. 2. c Change in Potential Fluctuations in FQ and LS states 

We have seen in Section 6.3, while describing our results on thermopower in SC, 
FQ and LS states, that FQ does not change the potential fluctuation in the a-Si;H, 
whereas, Hght soaking enhances them significantly. Let us discuss these further. 

Our results show that the potential fluctuations in a-Si:H(Li) are negligible in the 
annealed and slow' cooled state, since the slope Eq is almost zero. Onc' might argue 
that the presence of conduction electrons tend to screen the potential fluctiiations 
present. It may be further argued that since after FQ, the number of these electrons 
increases, the screening is more and hence the slope Eq remains zero. Thus, it appears 
that our assertion that FQ does not affect the potential fluctuations might not be 
fully justified. Here we would like to point out that in our P-doped a-Si;H also. Eg 
does not change after FQ. Since Eg is not zero in P-doped a-Si:H, the above argument 
given for a-Si.H(Li) about screening does not apply. Although further experiments 
are necessary to prove our point, the similarities in the behaviour of P-doped and 

Li-doped a-Si:H suggest that FQ does not change potential fluctuations in a-Si:H(Li) 
also. 

In case of hght soaking, the number of free carriers decreases, and one might 
again argue that the observed increase in Eg is due to the reduced screening of the 
potential fluctuations. However, the decrease in free carriers density is too small to 
account for the observed increase in Eg (using (2.25)). The observed decrease in 
free carrier density along "with increase in density of charge carriers will increase the 
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magnitude of potential fluctuations by a factor of 2 only. (In LS state, a is half of its 
value in SC state and hence for an increase in density of charge centers by a factor 
of two, we get A{LS) = 1.7 x A(SC)), whereas, we observe an increase of about one 
order of magnitude in A in LS state. It is thus concluded that increase in magnitude 
of potential fluctuations after hght soaking is not only due to an increase in density 
of charge centers or a decrease in free carrier density, but some structural changes axe 
also associated with Hght soaking. This may also be the cause of the higher activation 
energy for relaxation from the LS state. 

6.4.2.d Light Induced Structural Changes in a-Si:H 

The difference in Er between FQ and LS states can be explained by Hydrogen Glass 
model only if diffusion constant of hydrogen in the two metastable states is different. 
It is reported that hydrogen is distributed inhomogeneously in a-Si:H, in a dilute Si-H 
phase and a clustered phase with 5-7 H atoms. Light soaking effects are beheved to 
be related to the Si-H bond clusters [39]. This may cause a further heterogeneous 
distribution of hydrogen. It is thus possible that LS is associated with a change 
in structure resulting in an enhanced potential fluctuations and a higher barrier for 
hydrogen diffusion. 

A decrease in drift mobHity of electrons and increase in band tail slopes has 
also been reported as a result of Hght soaking [50,159]. Light soaking increases the 
number of charged defects which modifies the transport edge [159]. This might result 
in increased potential fluctuations, thereby reducing the mobiHty of electrons at the 
transport edge. These changes are similar to those observed upon increasing the 
doping concentrations in these films. It has been observed that the heavily doped 
film.s have a higher value of Eq, which can be due to an increased number of charged 
centers as well as due to higher disorder. These observations are in favour of larger 
potentifil fluctuations as a result of Hght soaking. 
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It is also possible, that the observed difference in Er between LS and FQ states 
is caused by the presence of hthiurn. The microscopic H diffusion is found to be 
different in clustered and dilute H phase in a-Si:H [37] and thus it is hk('ly that H 
diffusion coefficient is modified by the presence of Li in these films. Our SIMS results 
(Fig. 4.2) show that in the as deposited sample, lithium concentration is large on 
the film surface and is nearly uniform in the bulk of the material. Similar results 
are reported by Winer and Street [48]. It is proposed that at high temperature 

500iv), in-diffusion of Li produces an (presumably) uniform Li concentration in 
a-Si:H consistent with the solubihty at this temperature. When cooled back to 300A', 
the Li concentration hes above the solubihty hmit and excess Li diffuses towards the 
interface, resulting in a non-uniform distribution of Li. 

It is found that Hthiurn is ~ 3 orders of magnitude more mobile than hydrogen in 
a-Si:H films and it is quite probable that diffusion coefiScient of Hthiurn also changes 
in presence of Hght, similar to that of hydrogen [160]. The overall effect of both 
hydrogen and Hthiurn related defects and their changes in presence of light may 
cause strong potential fluctuations resulting in a change in cr(T) and 5(T). 

In the case of the relaxation from fast quenched state, the value of Er is small. 
Following the argument of hthiurn precipitation at the interfaces near room tempera- 
ture [48], we expect that when these films are fast quenched from high temperatures, 
the frozen-in structure is hkely to have a more uniform distribution of hthiurn than 
LS state. This may provide a smaller barrier for hydrogen diffusion and thus a smaller 
activation energy is seen for relaxation from fast quenched state. 

6.4.2.e Relationship Between cxq and E^^ : Meyer-Neldel Rule 

Fig. 6.8 shows the log (Tq vs. E ^ curve for all a-Si:H films (undoped, P-doped and 
Li-doped) in slow cooled and metastable state (both thermal and hght induced). It 
is evident that aU the points are scattered around a straight hne 
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Figure 6.8: log'7„ v.s. for a-Si:H films in slow cooled (empty symbols) and meta- 
stahle (fill(‘<l symbols) states. 




14G 


log (7o = log (7oo + E„fEo 

with. CToo = 0.05(2"' rm"' and Eo « O.OSrV and obey tbe empirical Meyor-Neldel (M- 
N) rule [158]. Similar relationship is reported for undoped, doped and compensated 
a-Si:H fQms in the slow cooled state [52]. The M-N rule has been attributed to the 
following 

1. the presence of heterogeneities [161] 

2. the temperature dependence of Fermi level [162-164] 

3. the temperature dependence of mobihty edges [165]. 

It has been shown that temperature dependence of mobihty edge cannot account 
for the M-N rule [166]. The temperature dependence of Fermi level, however, seems 
to be responsible for the observed M-N rirle [163,164]. The large variation of cr„ 
is ascribed to the effects that do not alter the transport path [52]. Our result.s on 
conductivity and thermopower in slow cooled and metastable states suggest that the 
function Q(T) does not change upon the fast quenching. However, after hght soaking 
the Li-doped a-Si:H, potential fluctuations change. The M-N rule m this case can be 
ascribed due to the temperature dependence of Fermi level and the density of states 
distribution which control the position of Ef. 

It has been observed that the steady state photoconductivity cTpk is not a single 
valued function of dangling bond defect concentration [104], The decrease in cTph 
of a-Si:H is much more by the Hght exposure than by the same number of native 
defects as that produced by the hght exposure [105]. Further, the experimental 
observations such as an increase in Si-H stretching mode at wave number 2000cm~' 
[53], a reversible shift of about O.leV of the Si 2p X— ray photoelectron spectroscopy 
to lower binding energy [106], changes in 1/f noise spectrum of a-Si:H [107] and in 
proton NMR dipolar spin lattice relaxation time [108] also can not be explained by 
a simple increase in danghng bond defects but require some additional changes in 
structure of a-Si:H upon Hght soaking. 
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A change in structure upon FQ has not been directly observed so far. However, 
it is possible that these are too small to be detected easily. Furthermore, it is also 
possible that the distribution and bonding of hydrogen after fast quenching may be 
different from that obtained after Kght soaking. 

From the above discussion, it is clear that fast quenching and light soaking affect 
the properties of a-Si:H differently. Fast quenching does not change the magnitude 
of potential fluctuations in the material and the observed changes in the electrical 
properties are due to a shift in F/ arising from a change in occupancy of the density 
of states. Light soaking, in addition to a change in the density of states, changes the 
magnitude of potential fluctuations. Higher activation energy for relaxation from LS 
state may be associated with the change in potential fluctuations. Furthermore, the 
M-N relationship between v vs. Et and Uo vs Eg suggest that these metastabihties 
do not a)lter the transport path and are related to disorder in a-Si:H. 



Chapter 7 


Conclusions 


The aim of the present study is to understand the thermal and hght induced metasta- 
bilities in a-Si:H. So far numerous studies have been done, but the origin of these 
still remains unclear. After fast quenching or Hght soaking, the original state can not 
be recovered by IR quenching but only annealing at elevated temperatures brings 
the original state back. This suggests that some atomic movement and structural 
changes are associated with these metastabiUties. 

We have investigated the effect of fast quenching (FQ) and hght soaking (LS) 
on conductivity (cr) and thermopower (S) of Li doped a-Si:H films (a-Si;H(Li)). In 
addition to a-Si:H(Li), we have also studied these metastabifities in undoped and 
P-doped a-Si:H (a-Si:H(P)). 

Our results show that the effect of these metastabifities on a-Si:H(P) and a- 
Si:H(Li) are qualitatively similar. Further, we observe that the heterogeneities play 
an important role and that the fast quenching and fight soaking affect a-Si:H in 
different ways. In particular, we find that FQ does not change the magnitude of 
the long range potential fluctuations, whereas, LS enhances them. In the following, 
we summarize briefly our results and indicate how we arrive at these and other 
conclusions. 
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In undoped a-Si:H, we observe that light soaking decreases tlu' dark and pho- 
toconductivity (<7 and (TjjIi). The decrease in <7 is accomjianic'd b\ an incrcasi in the 
activation energy (E^). Upon fast quenching, undoped a-Si;H films do not show any 
appreciable change in <7, however, a small decrease in Cp/, is obstuved. The changes 
are reversible and anneahug at elevated temperatures brings the original state back. 
A decrease in ffph after FQ and LS, suggests that density of defects (Si^) have in- 
creased in both the cases. However, the changes introduced by fast quencliing are 
neghgibly small. The results are in good agreement with the published work [10,41] 
and can be explained by any of the several models proposed by others (For details 
on some of these, please see Sec. 3.1.1). A possible mechanism for the increase in 
the density of Sij is the breaking of weak Si- Si bonds (Sec. S.l.l.a). Since Si atoms 
are unlikely to move, it is beheved that the stabilization of these defects is as.sisted 
by the movement of hydrogen [26,129]. 

In case of a-Si:H(P), we observe an increase in a below the equiliI)ration temper- 
ature Te upon fast quenching. However, for T > Tb, <7(T') is unique. The isothermal 
relaxation studies from FQ state show that the relaxation follows a stretched expo- 
nential and is thermally activated. The behaviour resembles the properties of a glass 
[29], where Te plays the role of the glass transition temperature T,. The metastabili- 
ties and thermal equilibrium in these films can be explained by the dispersive diffusion 
of hydrogen in a-Si;H (Hydrogen Glass Model, Sec. 3.4) [30]. These observations also 
agree with the reports in the literature [16]. 

Thermopower (S) measurements on a-Si:H(P) show that the conduction is by 
the electrons in the extended band. We find that and Es (Eg is the slope of 
S vs. l/T curve) are different. Analysis of the data, following Overhof and Beyer 
[72] indicates that the presence of the long range potential fluctuations in these films 
can explain our results. The potential fluctuations may be present because of the 
heterogeneities [56], such as, inhomogeneous distribution of hydrogen and charged 
donors. The slope Eq of Q vs. 1/T is a measure of the potential fluctuations [72]. 
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The function Q = In cr + ^Sjh is independent of the position of the Fermi level and 
thus a change in cr or 5" due to the position of Ef is not reflected in Q{T). However, 
any change in structure giving rise to the long range potential fluctuations will reveal 
itself in Q [52]. 

A change in S and Es in FQ state is observed for the P-doped samples under 
the present investigation, however, no change in Q or Eq (Eq = E^ — Es) is found. 
The results suggest that fast quenching does not change the potential fluctuations in 
a-Si:H(P). 

Our P-doped films do not show any measurable change in cr or S' when subjected 
to hght soaking. Reports in hterature, however, find a decrease in a and S after light 
soaking is reported for a-Si:H films with low P concentrations [154]. It may appear 
that the absence of any effect of hght soaking on our a-Si:H(P) is at variance with the 
pubHshed work. However, we note that the effect decreases with the increasing doping 
concentrations [150] and has been associated with a higher defect density in heavily 
doped films. Therefore, small differences in the preparation conditions, which might 
yield films with different density of states, may account for this apparent discrepancy. 

Now we summarize our findings on hthium doped a-Si:H films, which exhibit 
both thermal and hght induced metastabfiities. Fast quenching from high temper- 
atures increases conductivity of these films below Te- The metastable state, so ob- 
tained, relaxes back to the annealed state following a stretched exponential and a 
thermally activated relaxation time r. For T > Tg, cr{T) is unique and these films 
appear to be in thermal equihbrium. These observations are in quahtative agree- 
ment with the P-doped a-Si;H. When these films are hght soaked, a new metastable 
state with a lower conductivity is obtained. The LS state is reversible and can be 
annealed at high temperatures. A similar hght soaking effect is reported in hterature 
for a-Si:H(P) [15]. The metastable state obtained after hght soaking also relaxes 
following a stretched exponential. Both thermal and hght induced changes decrease 
as Li concentration is increased. Further, the relaxation time t(T) and equihbrium 
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temi)eratnrc T depend upon the Li concentrations. Tf; is lower for a-Si:H films with 
higher concentration of hthium. These observations show that the tlnTinal induced 
and the Hght induced effects in a-Si:H(Li) are similar to a-Si:H(P). This suggests 
that the models used to understand the thermal and hght induced metastabilities in 
a-Si:H(P) can also explain our results on a-Si:H(Li). 

Let us now compare the FQ and LS metastabhties. A notable observation for 
our lithium doped a-Si:H is that Te is same for all the metastable states. Further, 
both FQ and LS states relax following a stretched exponential. At first sight . these 
observations may tempt one to beheve that all the metastable states are equivalent 
and a similar mechanism may be operative in all cases. However, a closc'r look shows 
that the parameters r are different for the relaxation from FQ and LS states. 
Further, the light soaked state relaxes slowly with a higher activation en(Tg,v Et as 
compared to the FQ state. The thermal induced metastability has been explained 
in terms of the Hydrogen Glass model [30]. which involves movem<‘ut of hydrogen 
in a rigid Si matrix. It has been proposed that light soaking causes breaking of 
weak bonds, but movement of hydrogen to the appropriate sites makes these changes 
difficult to anneal near room temperature [26]. If movement of hydrogen is taken 
to be responsible for both fast quenching and Ught soaking effects, it is difficult to 
reconcile the observed difference between Er values for the two cases. In particular, 
the higher value of Er for the LS state suggests that higher barriers are encountered 
during relaxation from the LS state than from the FQ state. Therefore, even if 
the two metastabilities are caused by the movement of hydrogen, the structural and 
electromc changes in case of FQ must differ from those in case of LS. This is also 

supported by the observation that in our a-Si:H(Li) films FQ increases cr, whereas, 
LS decreases it. 

The difference between FQ and LS states is quite pronounced in the thermopower 
(5) measurements also. S{T) changes after fast quenching and light soaking. For 
a-Si;H(Li), Q does not change upon fast quenching and is the same as in the slow 
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cooled state. The slope Eq is nearly zero in both SC and FQ states. On the other 
hand, hght soaJdng causes an increase in Eq. These results suggest that in a-Si:H(Li), 
fast quenching does not change the magnitude of the potential fluctuations, whereas, 
Hght soaking enhances them. We know that hydrogen is distributed non-uniformly 
in a-Si:H in dilute and clustered phases [167], which may result in a spatial variation 
of the gap giving rise to the potential fluctuations in the material. When these 
films axe exposed to Hght, the trapping and recombination kinetics in the two phases 
will be different. The photoexcited electron and holes tend to drift to the regions 
where mobiHty gap is narrower and more recombination may occur in these regions 
[168]. This may increase the inhomogeneities of the defect centers which in turn may 
enhance the potential fluctuations. Thus Hght soaking appeaurs to be related to the 
inhomogeneities present in a-Si:H. 

Further, Hght soaking seems to be able to change the long range potential fluc- 
tuations significantly. This is consistent with the suggestions by Fritzsce [54], who 
proposed photoinduced changes in structure of a-Si;H in addition to the dangHng 
bonds, in order to explain several experimental observations, which are not corre- 
lated with the concentration of the dangHng bond defects. 

Unsolved Problems and Scope for Future work 

Amorphous semiconductors can exist in several disordered configurations, which 
have almost similar free energies but are separated by energy barriers. AppHcation of 
external perturbations, e.g., Hght soaking or thermal quenching from a high temper- 
ature might induce transitions from one metastable state to another. In this sense, 
all disordered materials are Hkely to show the type of metastabiHties, discussed here. 
Indeed, chalcogenide glasses show a shift of absorption edge [169] and also a change 
in conductivity upon Hght soaking. A change in structure of chalcogenides after ex- 
posing them to Hght is also reported [170]. However, no effects of fast quenching on 
the electronic properties of chalcogenide glasses have been reported, so far. 
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Our preliminary investigations on a-Ge Se bulk glasses and tliin films [1/1] in- 
dicate that the thermal induced metastabihty is absent in th(‘S(' glasses. This is 
surprising, since the quenching effect in a-Si:H is explained in terms of Hydrogen 
Glass model (Sec. 3.4), the effect seems to be absent in thes<‘ glasses, where glass 
transition is easily observed. This may mean that one needs a mobile species (e.g. 
hydrogen in a-Si:H) in a rigid network (e.g. Si), in order to see quenching effects. In 
any case, further investigations in this direction are needed to confirm the validity of 
the Hydrogen Glass model. 

Our studies show that the hydrogen plays an important role in the observed 
met ast abilities in a-Si:H. Also, the role played by hydrogen is amply iUustrat/'d by 
the various studies. One may therefore ask whether the instabiHtif's can b/* reduced 
or ehminated, if hydrogen is replaced by some other less diffusive boiul t(uminator 
[172]. Investigations on amorphous siheon fihns with fluoriiu' replacing hydrogen 
may answer this question [173]. It is not clear whether the hydrogen in tln> <iilute 
or clustered phase is responsible for the metastabUities and thermal equilibration 
behaviour. 

It has been reported that the hydrogen diffusion constant iucr«;ases in presence 
of hght [160]. However, no report is available, which illustrates whether the enhanced 
hydrogen diffusion during Hght soaking will be different in the two phases and result in 
a more inhomogeneous distribution of hydrogen. By exposing a-Si:H film s to different 
dosages of ion bombardment, it may be possible to obtain films with different disorder 
but the same hydrogen and doping concentrations. Study of these films might be 
useful in understanding the role of disorder in these metastabiHties. 

More experiments are desirable to verify our claim that LS changes the long range 
potential fluctuations, whereas, FQ does not. For this it will be necessary to find other 
ways of measuring potential fluctuations in a-Si:H. The observed differences between 
CPM and PDS [174] might arise from these potential fluctuations [175]. However, 
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more theoretical and experimental work is needed to correlate this differenceto the 
potential fluctuations both qualitatively and quantitatively. 

A stretched exponential time dependence of hght induced defect creation has 
been assigned to the movement of hydrogen [26]. It is proposed [109] that the il- 
lumination only triggers the breakage of weak Si-Si bonds in the neighbourhood of 
Si-H-Si bonds. This process requires only 0.04eV energy. Hydrogen hops from one 
site to another and the process continues [109]. If it is so, a source of this energy, 
for e.g. the ultrasonic beam, wfll also lead to a similar behaviour and should be 
experimentally observable. 

It is proposed that a part of energy released during the recombination process 
creates the dangUng bonds. The rest of it is dissipated locally and may give rise to the 
other photoinduced structural changes [54]. the above hypothesis can be checked if 
the similar structural changes are observed by supplying a high energy to the sample, 
which does not cause the effusion of hydrogen or creation of the danghng bonds, for 
e.g. a very short laser pulse, whose energy matches the vibrational mode and hence 
does not create an electron-hole pair or danghng bonds [54]. 

Clearly, a lot of exciting physics concerning these metastabihties remains to be 
explored, both experimentally as well as theoretically. 
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